OPTICAL SCIENCES 



Mohammed N. Islam 

(Ed.) 

Raman Amplifiers for 
Telecommunications 1 

Physical Principles 




Springer 



XTERA 



Springer Series in 

OPTICAL SCIENCES 



90/1 



Founded by H.K.V. Lotsch 

Editor-in-Chief: W. T. Rhodes, Atlanta 

Editorial Board: T. Asakura, Sapporo 

K.-H. Brenner, Mannheim 
T. W. Hansch, Garching 
T. Kamiya, Tokyo 
F. Krausz, Vienna and Garching 
B. Monemar, Linkoping 
H. Venghaus, Berlin 
H. Weber, Berlin 
H. Weinfurter, Munich 



Springer 

New York 

Berlin 

Heidelberg 

Hong Kong 

London 

Milan 

Paris 

Tokyo 



Q 

Physics and Astronomy 



ONLINE LIBRARY 



http://www.springer.de 




Springer Series in 

OPTICAL SCIENCES 



The Springer Series in Optical Sciences, under the leadership of Editor-in-Chief William T. Rhodes, 
Georgia Institute of Technology, USA, and Georgia Tech Lorraine, France, provides an expanding selec- 
tion of research monographs in all major areas of optics: lasers and quantum optics, ultrafast phenomena, 
optical spectroscopy techniques, optoelectronics, quantum information, information optics, applied laser 
technology, industrial applications, and other topics of contemporary interest. 

With this broad coverage of topics, the series is of use to all research scientists and engineers who need 
up-to-date reference books. 

The editors encourage prospective authors to correspond with them in advance of submitting a manu- 
script. Submission of manuscripts should be made to the Editor-in-Chief or one of the Editors. See also 
http://www.springer.de/phys/books/optical_science/ 



Editor- in- Chief 

William T. Rhodes 

Georgia Institute of Technology 

School of Electrical and Computer Engineering 

Atlanta, GA 30332-0250, USA 

E-mail: bill.rhodes@ece.gatech.edu 



Editorial Board 

Toshimitsu Asakura 
Hokkai-Gakuen University 
Faculty of Engineering 
1-1, Minami-26, Nishi 11, Chuo-ku 
Sapporo, Hokkaido 064-0926, Japan 
E-mail: asakura@eli.hokkai-s-u.ac.jp 

Karl-Heinz Brenner 
Chair of Optoelectronics 
University of Mannheim 
Institute of Computer Engineering 
B6, 26 

68131 Mannheim, Germany 
E-mail: brenner@uni-mannheim.de 

Theodor W. Hansch 
Max-Planck-Institut fur Quantenoptik 
Hans-Kopfermann-Strasse 1 
85748 Garching, Germany 
E-mail: t.w.haensch@physik.uni-muenchen.de 

Takeshi Kamiya 

Ministry of Education, Culture, Sports 
Science and Technology 
National Institution for Academic Degrees 
3-29-1 Otsuka, Bunkyo-ku 
Tokyo 112-0012, Japan 
E-mail:kamiyatk@niad. ac.jp 



Ferenc Krausz 

Vienna University of Technology 

Photonics Institute 

Gusshausstrasse 27/387 

1040 Wien, Austria 

E-mail: ferenc.krausz@tuwien.ac.at 

and 

Max-Planck-Institut fur Quantenoptik 
Hans-Kopfermann-Strasse 1 
85748 Garching, Germany 

Bo Monemar 
Department of Physics 
and Measurement Technology 
Materials Science Division 
Linkoping University 
58183 Linkoping, Sweden 
E-mail: bom@ifm.liu.se 

Herbert Venghaus 

Heinrich-Hertz-Institut 

fur Nachrichtentechnik Berlin GmbH 

Einsteinufer 37 

10587 Berlin, Germany 

E-mail: venghaus@hhi.de 

Horst Weber 

Technische Universitat Berlin 
Optisches Institut 
Strasse des 17. Juni 135 
10623 Berlin, Germany 
E-mail: weber@physik.tu-berlin.de 

Harald Weinfurter 

Ludwig-Maximilians-Universitat Miinchen 
Sektion Physik 
Schellingstrasse 4/III 
80799 Miinchen, Germany 

E-mail : harald. weinfurter @ physik. uni-muenchen .de 




Mohammed N. Islam (Ed.) 



Raman Amplifiers 

for Telecommunications 1 

Physical Principles 

Foreword by Robert W. Lucky 

With 222 Figures 





Mohammed N. Islam 

Department of Electrical Engineering and Computer Science 

University of Michigan at Ann Arbor 

1110 EECS Building 

1301 Beal Avenue 

Ann Arbor, MI 48109-2122 

mni@eecs.umich.edu 

and 

Xtera Communications, Inc. 

500 West Bethany Drive, Suite 100 

Allen, TX 75013 

USA 

mislam @ xtera.com 



Library of Congress Cataloging-in-Publication Data 

Raman amplifiers for telecommunications 1 : physical principles / editor, Mohammed N. Islam, 
p. cm. - (Springer series in optical sciences ; v. 90/1) 

Includes bibliographical references and index. 

ISBN 0-387-00751-2 (he. : alk. paper) 

1 . Fiber optics. 2. Optical communications. 3. Raman effect. 4. Optical amplifiers. 

I. Islam, Mohammed N. II. Series. 

TL5103.592.F52R35 2003 

621.382'75-dc21 2003044945 

ISBN 0-387-0075 1 -2 ISSN 0342-41 1 1 Printed on acid-free paper. 

© 2004 Springer- Verlag New York, Inc. 

All rights reserved. This work may not be translated or copied in whole or in part without the written 
permission of the publisher (Springer- Verlag New York, Inc., 175 Fifth Avenue, New York, NY 10010, 
USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in connection with 
any form of information storage and retrieval, electronic adaptation, computer software, or by similar or 
dissimilar methodology now known or hereafter developed is forbidden. 

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are 
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject 
to proprietary rights. 

Printed in the United States of America. 

987654321 SPIN 10919521 90/1 

www.springer-ny.com 

Springer- Verlag New York Berlin Heidelberg 

A member of BertelsmannSpringer Science+Business Media GmbH 




To my loving wife, 
Nasreen 




Foreword 



I remember vividly the first time that 1 heard about the fiber amplifier. At that time, 
of course, it was the erbium-doped fiber amplifier, the predecessor of the Raman 
amplifier that is the subject of this book. 

It was an early morning in a forgotten year in Murray Hill, New Jersey at one of 
our Bell Labs monthly research staff meetings. About twenty directors and executive 
directors of research organizations clustered around a long table in the imposing 
executive conference room. Arno Penzias, the vice president of research, presided at 
the foot of the table. 

Everyone who participated in those research staff meetings will long remember 
their culture and atmosphere. Arno would pick an arbitrary starting point somewhere 
around the table, and the designated person would head to the front of the table to give 
a short talk on “something new” in his or her research area. This first speaker would 
invariably fiddle helplessly with the controls embedded in the podium that controlled 
the viewgraph projector, but eventually we would hear machinery grinding in the 
back room as a large hidden mirror moved into place. We would all wait quietly, 
arranging and choosing our own viewgraphs from the piles that lay on the table in 
front of every participant. 

The rules for the staff meeting were that each speaker was allowed seven minutes 
and three viewgraphs. However, in spite of Arno’s best efforts to enforce this regimen, 
everyone took too long and used too many viewgraphs. Various attempts at using loud 
timers and other incentives all failed. No one could give a respectable talk on a research 
topic for which they had passionate feelings in seven minutes. 

Another rule was that anyone could forfeit his talk by simply saying, “1 pass.” 
This forfeiture was always accepted without comment, but new directors always 
asked their friends about whether this would constitute a black mark against their 
performance. No one knew for sure, but rumor had it that it was unwise to pass unless 
you were truly destitute of material. After all, the implication would be that there was 
nothing new in your research organization for the last month — not a good indication 
of your management skills. 

With no one passing, and everyone speaking too long, these staff meetings some- 
times seemed endless. Computer scientists would talk about new constructs in soft- 
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ware, systems people would talk about new techniques for speech recognition, physi- 
cists would talk about some new laser, chemists would show diagrams of new organic 
materials, and so forth. It didn’t take long for each talk to exceed the understanding 
of most listeners of whatever specialty was being discussed. I always left with a pro- 
found sense of the limitations of my own knowledge, but with an exhilarating inkling 
into the unfolding of science. It was, perhaps, the best of the old research model in 
Bell Labs, and in retrospect I can say that in this new competitive world I miss those 
old scientific-style management meetings. 

It was in such a meeting that I first heard about the fiber amplifier. I don’t know 
whether I had been paying attention, but I was immediately galvanized by the impli- 
cations of this new discovery. One word came to me and blazed across my mind: that 
word was “transparency.” 

Surprisingly, in my experience I am not always immediately enthusiastic about 
a new technology upon initial exposure. One might think that the potentials of great 
breakthroughs are self-evident, but that does not seem to be the case. When I first 
heard about the invention of the laser, I had no premonition that lasers would become 
the primary instrument of the world’s telecommunications traffic. When one of the 
inventors of public key cryptography told me his idea for having two keys, I scoffed 
at the naivete of his concept. I remember thinking on first hearing about what is now 
the principal algorithm for data compression that I thought it was only a theoretical 
exercise. So my track record for such insights is not altogether good. 

However, with the fiber amplifier I went to the other extreme. I foresaw a dramatic 
revolution in communications. I spoke up at the staff meeting that morning to say 
that this invention would transform the architecture of communications networks. 
This would lead to transparent networks, I said, and that this would not necessarily 
be good for AT&T. I got carried away with this vision, and went on to say that pri- 
vate networks could have their own wavelengths traveling transparently through the 
network, untouched by the common carrier in the middle. One private network might 
have “blue” light (figuratively speaking, of course, because we’re not talking about 
visible wavelengths) whereas another would have “green.” I foresaw a plug on the 
wall that passed only the chosen wavelength, which would be owned exclusively by 
that particular customer’s network. AT&T would thus be deprived of the opportunity 
to process signals for value-added services. AT&T, in fact, wouldn’t have any idea 
what was packed into those wavelengths. 

Well, that hasn’t exactly happened, but today’s optical networks are moving to- 
wards increased transparency, and Raman amplifiers will accelerate this trend. The 
advantages of transparency are compelling. A great many constituent signals can be 
amplified cheaply in one fell swoop. More importantly, this amplification is indepen- 
dent of the bit rates, protocols, waveforms, multiplexing, or any other particulars of 
the transmission format. The design isn’t “locked in” to any specific format, and as 
these details change, the amplification remains as effective as ever. In the case of the 
Raman amplifier, the bandwidth is so enormous that adjectives seem inadequate to 
describe its potential for bulk amplification. 

Transparency in the network is so attractive that probably the only reason it isn’t 
done is that it is so difficult to achieve. One reason is, of course, the necessity for 
periodically unbundling the signal to add or drop subcomponents. In the digital world 
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this has usually meant a complete demultiplexing and remultiplexing of the overall 
signal, an expensive operation. The optical world opens up the possibility of selective 
transparency for certain wavelengths whereas others are unpacked to do add-drop 
multiplexing. 

So network topology sets limits on transparency. But the other reason transparency 
is hard to achieve is the implicit accumulation of impairments as a signal incurs succes- 
sive amplifications. It is ironic that the telephone network was essentially transparent 
for the first half-century of its existence. Until 1960 the long-haul transmission sys- 
tems used analogue amplification to boost levels as the signal traversed the nation. 
The invention of the triode vacuum tube enabled the first transcontinental transmis- 
sion system to be deployed in the 1920s. It was a marvelous feat to be able to send a 
band of signals 3000 miles across the country, passing through many amplifiers, ac- 
cumulating noise and distortion along the way, but still providing intelligible speech 
at the other end. Some older readers will remember when long distance phone calls 
sounded crackly and “distant.” Now, of course, it is impossible to tell how far away 
a connection is. They all sound local, because of digital transmission. 

Digital transmission was the triumph of the 1960s. Though now it seems obvious, 
engineers found the philosophy of digitization hard to grasp for several decades after 
the invention of pulse code modulation by Reeves in 1939. There is a trade-off here: 
bandwidth against perfectibility. A 3 kHz voice signal, for example, is transformed by 
an analogue-to-digital converter into a 64,000 kbps stream of bits, greatly expanding 
the necessary transmission bandwidth. However, this digital signal can be regener- 
ated perfectly, removing noise and distortion periodically as necessary. A miracle is 
achieved as the bits arrive across the country in the same pristine form as when they 
left. 

So it was that all long distance transmission was converted to digital format. 
The introduction of the first lightwave transmission systems hurried this change, 
inasmuch as lightwave systems were deemed to be “intrinsically digital” because of 
their nonlinearities and the lack of amplifiers. No one cared much at the time — the 
early 1980s — but the entire design of the network was predicated on the transmission 
of 64 kbps voice channels. The multiplexing hierarchy, the electronic switching, the 
synchronization and timing, and the transmission format assumed that everything was 
packaged into neat little voice channels. That, of course, was before the rise of the 
Internet. 

Now optical amplification has reversed this trend of the last half-century towards 
digitization based upon a hierarchy of voice signals. It isn’t just that optical amplifiers 
have an enormous bandwidth. They do something those old triode vacuum tubes could 
never do: they amplify without substantially increasing the noise and distortion of the 
signal. Raman amplifiers are particularly good in this way. Moreover, because Raman 
amplification is distributed across the whole span of the fiber, the signal level never 
drops as low as it does when discrete amplifiers are employed. In a system using 
discrete amplifiers the signal level is at its lowest and most vulnerable right before 
the point of amplification. 

Back at that research staff meeting I was concerned about the implications of 
transparency to the architecture of the network. A transparent network is, by definition, 
a “dumb” network. It doesn’t do anything to the signal; it can’t, because it doesn’t 
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know what the signal is. As an AT&T employee, that sounded threatening. As an 
Internet user, that sounded empowering. The Internet, after all, was designed around 
the so-called end-to-end principle. In the architecture of the Internet, intelligence is at 
the periphery of the network, and the network is as minimally intrusive as is necessary 
to achieve interconnection. It is an extremely important philosophical principle that 
was just beginning to be understood in the 1980s. Since then the argument has raged, 
and the concept of a “stupid” network has been put forward by a number of Internet 
designers as the ultimate desired objective. If that is so, then the optical amplifier has 
made possible the ultimate stupid network. 

I can’t leave this foreword without mentioning another observation on perhaps 
a more personal level. Raman amplifiers epitomize for me the transformation of 
communications from a world of electrical circuits to one of quantum mechanical 
phenomena. Of course you could argue that transistors themselves depend on quan- 
tum mechanical principles, and surely the laser does, and so forth. But for many 
practical and design purposes these devices could be modeled with traditional circuit 
equivalents. Since then, however, photonics has increasingly become a showpiece of 
modern physics. The erbium-doped fiber amplifier had to be understood as a quantum 
interaction of light with the erbium atom. Raman amplifiers, by contrast, involve the 
interaction of light with a material structure. We descend ever more into the realm of 
quantum phenomena, into a world of small and impressive miracles. 

A number of my friends and associates at Bell Labs have contributed to this 
technology and even to this particular book. I’m very proud of the work that they and 
their peers in academia and other industries have done in the creation of photonics 
technology. I’ve seen it grow around me and have taken vicarious pride in their 
accomplishments. Sometimes I tell people that, yes, I know the inventors of this or 
that great technology, even though I may not have realized at the time the significance 
of the invention. In the case of Raman amplifiers I remember learning about Raman 
effects as one of the impairments to be overcome in optical transmission. Researchers 
in my organization were even then experimenting with Raman amplification, and 
although there was a glimmer of potential, I can’t say that I was aware of what their 
future might bring. Perhaps now its day has come, and that’s what this book is all 
about. 



Robert W. Lucky 
Fair Haven, New Jersey 
March 2003 




Preface 



Technologies for fiber-optic telecommunications went through a major growth 
period — some might even say a revolution — roughly during the years 1994 to 2000. 
This growth came about due to the convergence of several market drivers and tech- 
nologies. First were data traffic and the Internet, the key drivers of the demand for 
bandwidth. Prior to the explosion of data traffic and the Internet, voice traffic only 
grew at an average of 4% a year. The Internet, on the other hand, grew 100% a year 
or more starting in 1992 and sustained this phenomenal growth rate at least through 
about 2001. The second was the advent of the optical amplifier, which served the 
role in optical networks that the transistor had played in the electronics revolution. 
The optical amplifier was key because it allowed the simultaneous amplification of 
a number of channels, as opposed to electronic regenerators that operated channel 
by channel. The third technology was wavelength-division-multiplexing (WDM), 
which made a single strand of fiber act as many virtual fibers. WDM has allowed 
the capacity of fibers to be increased by more than two orders of magnitude over the 
past few years, providing plenty of bandwidth to fuel the growth of data traffic and 
the Internet. WDM served the role in optical networks that integrated circuits had 
played in the electronics revolution. Just as the transistor permitted the revolution 
associated with integrated circuits in electronics, the optical amplifier permitted the 
revolution associated with WDM in optical networks. Because a number of channels 
could be simultaneously amplified, the cost of deploying more wavelengths in WDM 
was gated by the terminal end costs rather than the regenerator costs. Hence far more 
cost-effective networks became available with the combination of optical amplifiers 
and WDM. 

Raman amplification has been one of the optical amplifier technologies that had 
a slow start, but then experienced a wide deployment with increasing performance 
needs of optical networks. It would be reasonable to assume that almost every new 
or upgraded long-haul (~300 to 600 km between regenerators) and ultra-long-haul 
(>600 km between regenerators) will eventually deploy some form of Raman ampli- 
fication technology. Any deployment concerns about discrete or distributed Raman 
amplification have been outweighed by the performance improvements permitted 
with Raman amplification. For example, distributed Raman amplification improves 
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noise performance and decreases nonlinear penalties in WDM networks, thereby al- 
leviating the two main constraints in dispersion-compensated, optically amplified 
systems. The improved noise performance can be used to travel longer distances be- 
tween repeaters or to introduce lossy switching elements such as optical add/drop 
multiplexers or optical cross-connects. Discrete and distributed Raman amplifiers 
are wavelength agnostic, with the gainband being determined by the pump distribu- 
tion. Also, discrete Raman amplification can efficiently be integrated with dispersion 
compensation. Hence, Raman amplification permits wide bandwidth and long reach 
simultaneously. For instance, commercial systems in 2002 provide 240 channels at 10 
Gb/s over 100 nm bandwidth (capacity of 2.4 Tb/s) over 1500 km with static optical 
add/drop multiplexers at every inline amplifier site (roughly every 80 km). Of course, 
if less bandwidth is required, then the unrepeated distance can be even longer. 

Although stimulated Raman scattering (SRS) dates back to 1928 [7], it was first 
studied in optical fibers by Roger Stolen and coworkers in 1972 [10, 9]. Much of 
the physics of Raman amplification was explored through the 1970s and early 1980s. 
Then, in 1984 Linn Mollenauer, Jim Gordon, and I suggested the use of Raman 
amplification in WDM soliton systems [5, 6]. We demonstrated the concept using 
color center lasers as the pump lasers, and there was a flurry of research on Raman 
amplification in fiber systems from about 1984 to 1988. However, by 1988 it became 
clear that erbium-doped fiber amplifiers (EDFAs) were closer to practical deployment, 
and the Raman work was mostly dropped in favor of rare earth-doped amplifiers. 
Admittedly, it was a bit difficult to imagine how to put large tabletop lasers such as 
color center lasers in a central office, in a hut, or under the sea. 

Although it seemed that EDFAs would never be displaced as optical amplifiers in 
fiber-optic systems, by 1997 the scene began to change. Work particularly at Lucent 
Technologies by Steve Grubb, Per Hansen, Andy Stentz, and others began to show the 
promise of Raman oscillators pumped by cladding-pumped fiber lasers [ 1, 2, 4, 3, 8]. 
I realized the big payoff would be not in oscillators but in Raman amplifiers, and I 
spunoff from the University of Michigan a startup company called Xtera Commu- 
nications. Xtera began by trying to develop S-band subsystems (Chapter 10), and 
later we redirected the business plan to a wideband, long-reach, all-Raman system 
(Chapter 14). 

The key thing to understand is that stimulated Raman amplification had not 
changed. It was the technology required to make Raman amplifiers that had changed. 
The most fundamental change was the development and commercialization of prac- 
tical, high-powered, laser diodes. Although we believed that commercial Raman am- 
plifiers would require cladding-pumped fiber lasers, by 1 999 it became clear that laser 
diodes with sufficient power would be available. This was an extremely important 
development because it would reduce the cost and size of Raman amplifiers while 
increasing their reliability. Second, dispersion-compensating fibers (DCF) were being 
commercialized for use with 10 Gb/s systems. It turns out that the DCF is an excellent 
gain medium for discrete Raman amplifiers, permitting the integration of dispersion 
compensation with optical amplification. Finally, all of the required passive compo- 
nents became available at least with fiber pigtails and with the ability to handle high 
pump powers. 
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By 2000, Raman amplified systems were becoming commercially available. Sev- 
eral startup companies (e.g., Corvis, Qtera, Xtera) were using Raman amplification 
as their differentiator. Even the stalwarts of the industry had to take notice of this im- 
portant technological development. For example, Nortel Networks acquired Qtera, 
and Lucent Technologies began to develop their all-Raman system, which became 
commercially available in 2002. It finally looked as if Raman amplification had made 
inroads in long-haul and ultra-long-haul systems. The noise figure improvement of 
up to 7 dB was simply too large a system margin to ignore ! 

With heavy research and development of Raman amplified systems between 1997 
and 2002, it would be fair to say that the physics and applications of Raman amplifiers 
were pretty well understood, at least in the arena of telecommunications. The Raman 
“buzz” was out there, and telecommunications engineers were constantly asking for 
a “good reference” that they could read to understand Raman amplification. Raman 
amplifiers were about to leave the eclectic world of research laboratories and PhDs 
and perhaps enter the commercial Main Street, and a book that summarized the key 
physical principles and applications was needed. After all, it would be difficult to 
deploy and maintain that which was unknown. Therefore, at OFC 2002 I finally 
agreed to put together this volume, Raman Amplifiers for Telecommunications. 

For me the assembling of this book is another important step on a long journey. 
As a graduate student and when I first joined AT&T Bell Labs between 1983 and 
1987, we were convinced that Raman amplification was going to be important. At 
MIT I worked with Linn Mollenauer and Jim Gordon on WDM soliton systems using 
Raman amplification, and then when I first joined Bell Labs I worked on Raman 
oscillators and amplifiers. Almost a decade later, I spent five years from 1997 to 
2002 transferring to commercialization an all-optical, all-Raman amplified system 
through Xtera Communications. Now that Raman amplification is finally prime-time 
for systems, it is necessary to organize, articulate, and share the know-how so that 
telecommunications and systems engineers can deploy and exploit the technology. 



Acknowledgments 

This book was written and assembled while I was at Xtera Communications, on a 
leave of absence from the University of Michigan in Ann Arbor, as well as the first 
year after I returned to the University. Thanks are due to Professors Richard Brown 
and Duncan Steel at the University for permitting me to complete this book. Also, I 
am particularly indebted to Dr. Jon Bay less and Carl De Wilde for encouraging me to 
put this book together and having the foresight to understand the broader impact that 
a startup could have by allowing this endeavor. 

Many at Xtera Communications worked on Raman amplification and helped in 
composing this volume. In particular, Amos Kuditcher helped significantly on Chap- 
ters 10 and 14. Special thanks are due to Monica Villalobos, without whose help 
this book could never have been written. Monica kept the process moving forward 
throughout the year with her usual methodical and professional style. She kept contact 
with all of the authors, collected all of the chapters, and helped in the hand-off to the 




XIV 



Preface 



publishers. 1 think that all of my coauthors would agree that Monica was a pleasure 
to work with throughout the process. 

Finally, I am deeply appreciative of the love, support, and encouragement from 
my wife, Nasreen, and sons, Sabir and Shawn. The only regret 1 have in putting this 
book together is the time it took away from my family. 



Mohammed N. Islam 
Ann Arbor, Michigan 
January 2003 



References 

[1] S. Grubb. T. Erdogan, V. Mizrahi, T. Strasser, W. Y. Cheung, W. A. Reed. P.J. Lemaire, A.E. 
Miller, S.G. Kosinski, G. Nykolak, and P.C. Becker, 1.3 pm cascaded Raman amplifier 
in germanosilicate fibers. In Proceedings of Optical Amplifiers and Their Applications, 
PD3-1, 187, 1994. 

[2] S.G. Grubb, T. Strasser, W.Y. Cheung, W.A. Reed, V. Mizrachi, T. Erdogan, P.J. Lemaire, 
A.M. Vengsarkar, D.J. DiGiovanni, D.W. Peckham, and B.H. Rockney, High-power 1.48 
pt m cascaded Raman laser in germanosilicate fibers. In Proceedings of Optical Amplifiers 
and Their Applications, SA4, 197-199, 1995. 

[3] P.B. Hansen, L. Eskildsen, S.G. Grubb, A. J. Stentz, T.A. Strasser, J. Judkins, J.J. DeMarco, 

R. Pedrazzani, D.J. DiGiovanni, Capacity upgrades of transmission systems by Raman 
amplification, IEEE Photon. Technol. Lett., 9:2 (Feb.), 1997. 

[4] P.B. Hansen, L. Eskildsen, S.G. Grubb, A.M. Vengsarkar, S.K. Korotky, T.A. Strasser, 
J.E.J. Alphonsus, J.J. Veselka, D.J. DiGiovanni. D.W. Peckham, D. Truxal, W.Y. Cheung, 

S. G. Kosinski, and P.F. Wysocki, 10 Gb/s, 411 km repeaterless transmission experiment 
employing dispersion compensation and remote post- and pre-amplifiers. In Proceedings 
of the 21st European Conference on Optical Communications (Gent, Belgium), 1995. 

[5] L.F. Mollenauer, J.P. Gordon, and M.N. Islam, Soliton propagation in long fibers with 
periodically compensated loss, IEEE J. Quantum Electron. QE-22:157-173, 1986. 

[6] L.F. Mollenauer, R.H. Stolen, and M.N. Islam, Experimental demonstration of soliton 
propagation in long fibers: Loss compensated by Raman gain, Opt. Lett. 10:229-231, 
1985. 

[7] C.V. Raman and K.S. Krishnan, A new type of secondary radiation. Nature 121:3048, 
501, 1928. 

[8] A.J. Stentz, S.G. Grubb, C.E. Headley III, J. R. Simpson, T. Strasser, and N. Park, Raman 
amplifier with improved system performance, OFC ’96 Technical Digest, TuD3, 1996. 

[9] R.H. Stolen and E.P. Ippen, Raman gain in glass optical waveguides, Appl. Phys. Lett., 
22:276, 1973. 

[10] R.H. Stolen, E.P. Ippen, and A.R. Tynes, Raman oscillation in glass optical waveguide, 
Appl. Phys. Lett., 20:62. 1972. 




Quick Summary of Book 



The book is organized into two volumes with three sections. Volume 1 begins with 
a chapter entitled “Overview of Raman Technologies for Telecommunications.’’ The 
first major section (Volume 1, Section A), Raman Physics, contains eight chapters 
(Chapters 2-9). The second section (Volume 2, Section B) on Subsystems and Mod- 
ules contains five chapters (Chapters 10-14). Finally, the third section (Volume 2, 
Section C), Systems Design and Experiments, contains an additional five chapters 
(Chapters 15-19). Almost half of the book is dedicated to Raman physics, because 
these are the principles that will remain time invariant. This is covered completely in 
Volume 1. The second section, Subsystems and Modules, describes applications of 
Raman technology that will be fairly time invariant, although the details and data of 
the applications will continuously evolve. Finally, the last section, Systems Design 
and Experiments, represents a snapshot of the state-of-the-art system demonstrations 
as of early 2003. This is the section that must necessarily change with time, but at least 
it can provide a good basis for comparison or updating from 2003. It is important to 
go all the way from basic physics to systems because they are intimately linked. The 
basic physics determines what can or cannot be done, and it points to the differential 
advantages that Raman amplification provides. On the other hand, the systems design 
and experiments ultimately define what is worth doing and where performance should 
be optimized. Fortunately, Raman amplification is very rich with physical principles 
as well as being one of the key enabling technologies for long-haul and ultra-long-haul 
submarine, terrestrial, soliton, and high-speed systems. 

In selecting the topics to be covered in this book as well as the authors to invite, a 
broad, diverse, and insightful view was sought. As an example, the authors were cho- 
sen from industrial labs as well as universities. The industrial laboratories represented 
include Corning, Furukawa, Lucent Technologies, Nippon Telephone and Telegraph, 
Nortel Networks, OFS Fitel, Siemens, Tyco Telecommunications, and Xtera Commu- 
nications. Also, the authors represent the international nature of Raman technology, 
with contributions from the United States, Europe, Japan, and Russia. Furthermore, 
young rising stars were invited to contribute chapters as well as the “giants in the 
field,” starting with Roger Stolen, Linn Mollenauer, and Evgeny Dianov. 
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It is an honor that so many key researchers in Raman technology accepted the 
invitation to contribute to this book. The invitation was extended to researchers who 
have made significant contributions to the technology and whose work has consis- 
tently represented the highest quality and deepest insight. Obviously there are many 
other excellent researchers in the field, but the intent was to cover the main issues in 
Raman physics, subsystems and modules and systems design and experiments within 
the limited space of two volumes. 

The book begins with “Overview of Raman Technologies for Telecommunica- 
tions,” which I authored (Chapter 1). Then, the physics section opens with a chapter 
by Stolen, “Fundamentals of Raman Amplification in Fibers” (Chapter 2), which is 
fitting since he did much of the original groundbreaking work on Raman amplifica- 
tion in fibers. Noise is a very important aspect of any optical amplifier, and Fludger 
contributes two chapters on the topic: “Linear Noise Characteristics” (Chapter 4) and 
“Noise due to Fast Gain Dynamics” (Chapter 8). The most significant technological 
development for commercial Raman amplifiers is the increase in laser diode power, 
and Namiki et al., in Chapter 5 describe “Pump Laser Diodes and WDM Pump- 
ing.” The other major technological development is the availability of new fibers 
with efficient Raman gain, and two chapters are dedicated to this topic: in Chapter 
6 Griiner-Nielsen and Qian describe dispersion compensating fibers for Raman ap- 
plications, and in Chapter 7 Dianov describes more forward-looking work on new 
Raman fibers. The simplest Raman amplifier uses CW pumps and a counterpropa- 
gating geometry (i.e., where the pump and signal propagate in opposite directions). 
However, the performance of this basic Raman amplifier can be improved by a num- 
ber of emerging techniques. In Chapter 3, Grant and Mollenauer describe the use of 
time-division multiplexing of pump wavelengths. Then, in Chapter 9 Radic discusses 
and compares forward, bidirectional, and higher-order Raman amplification. 

In the second section, “Subsystems and Modules,” four types of Raman devices 
are covered: discrete (or lumped) amplifiers, distributed amplifiers, lasers, and a com- 
bination of discrete and distributed amplifiers. In Chapter 101 review work on discrete 
or lumped Raman amplifiers to open up new wavelength windows, particularly in the 
short wavelength S-band. Then, Headley et al. review in Chapter 11 work on Ra- 
man fiber lasers or oscillators. Next, in Chapter 12, Evans et al. discuss distributed 
Raman transmission, applications, and fiber issues. One of the most important appli- 
cations of combined discrete and distributed amplifiers is to broadband transmission 
systems. One way to achieve the broadband amplifier is to combine erbium-doped 
fiber amplifiers with Raman amplifiers, and in Chapter 13 Masuda describes hybrid 
EDFA/Raman amplifiers. Another route to a broadband system is to use all-Raman 
discrete and distributed amplifiers, and in Chapter 14 on wideband Raman amplifiers 
I along with coworkers at Xtera illustrate this approach. 

The third section of the book focuses on system design and experiments. Some of 
the challenges of the Raman effect are covered in the first two chapters, and system 
deployments of Raman amplifiers are discussed in the following three chapters. In 
Chapter 15 Bromage et al. detail multiple path interference and its impact on system 
design. Then, in Chapter 16 Krummrich discusses Raman impairments in WDM sys- 
tems. As examples of areas where Raman amplifiers are a key enabling technology, 
three system experiments are included. First, in Chapter 17 Kidorf et al. describe 
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the use of Raman amplifiers in ultra-long-haul submarine and terrestrial applica- 
tions. Then, in Chapter 18 Mollenauer discusses ultra-long-haul, dense WDM using 
dispersion-managed dolitons in an all-Raman system. Finally, in Chapter 19 Nelson 
and Zhu illustrate 40 Gb/s Raman-amplified transmission. 
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Overview of Raman Amplification in Telecommunications (Chapter 1) 

As an overview for the book, this chapter surveys Raman amplification for telecom- 
munications. It starts with a brief review of the physics of Raman amplification 
in optical fibers, along with the advantages and challenges of Raman amplifiers. It 
also discusses some of the recent technological advances that have caused a revived 
interest in Raman amplifiers. Then, distributed and discrete Raman amplifiers are 
described. Distributed Raman amplifiers improve the noise figure and reduce the 
nonlinear penalty of the amplifier, allowing for longer amplifier spans, higher bit 
rates, closer channel spacings, and operation near the zero dispersion wavelength. 
Discrete Raman amplifiers are primarily used to increase the capacity of fiber-optic 
networks. Examples of discrete amplifiers are provided in the 1310 nm band, the 1 400 
nm band, and the short-wavelength S-band. 

Section A. Raman Physics 

Fundamentals of Raman Amplification in Fibers (Chapter 2) 

Raman scattering was first published by C.V. Raman in 1928, and he was awarded 
the 1930 Nobel Prize for the discovery. In 1972 stimulated Raman scattering was first 
observed in single-mode fibers, and the Raman gain coefficient was also measured 
that same year. The chapter focuses on various treatments of the Raman interaction, 
which can appear to be quite different. The quantum approach treats the problem as a 
transition rate involving photon number. In the classical approach, the Raman effect 
is a parametric amplifier with an interaction between signal, pump, and vibrational 
wave. Finally, the Raman interaction itself can be traced to a small time delay in 
the nonlinear refractive index. This chapter compares and contrasts these various 
treatments of the Raman effect in optical fibers. Also, a fundamental treatment of 
noise in fiber Raman amplifiers is included. 

Time-Division Multiplexing of Pump Wavelengths (Chapter 3) 

This chapter describes an approach to Raman pumping that uses time-division mul- 
tiplexing of the pump wavelengths. TDM pumping has several advantages over CW 
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pumping such as efficient gain leveling with a “smart” pump, the elimination of 
four-wave mixing between pumps, and the reduction of pump-to-pump Raman inter- 
actions. This technique only works with backward Raman pumping, where the pump 
and signal are counterpropagating. The rate of TDM pumping needs only to exceed 
1 MHz, so electronic components for these speeds are widely available and very in- 
expensive. However, TDM Raman pumping does introduce a new set of problems. 
The higher gain for signal propagating in the backward direction leads to a larger 
backward spontaneous Raman noise level. Consequently, Rayleigh scattering of the 
backward propagating noise can significantly increase the forward noise level under 
high gain conditions. 

Linear Noise Characteristics (Chapter 4) 

Spontaneous emission is the inevitable consequence of gain in an optical amplifier. In 
this chapter, the definition of noise figure is shown to be useful only in characterizing 
shot noise and signal- spontaneous beat noise. The noise characteristics of both discrete 
and distributed Raman amplifiers are presented. Also, a general model that accurately 
predicts both signal propagation and the buildup of amplified spontaneous emission 
is discussed and compared to measurements. Further measurements and analysis of 
broadband Raman amplifiers show a clear dependence on temperature, which places a 
fundamental limit on their performance. Interactions between the pump wavelengths 
are also shown to play an important role, giving better system performance to longer 
signal wavelengths at the expense of the shorter wavelengths. Finally, an analysis of 
the relative linear noise performance of different transmission fibers is presented. 

Pump Laser Diodes and WDM Pumping (Chapter 5) 

This chapter discusses issues surrounding the pump laser diodes for broadband Ra- 
man amplifiers, which range from fundamentals to industry practices of Raman pump 
sources based on so-called 14XX nm pump laser diodes. The chapter also describes 
the design and issues of wavelength-division-multiplexed pumping for realizing a 
broad and flat Raman gain spectrum over the signal band. In addition, practical Ra- 
man pump units are illustrated, and the chapter also provides insights into ongoing 
issues on copumped Raman amplifiers and their pumping sources. The pump laser 
diodes discussed are InGaAsP/InP GRIN-SCH strained layer MQW structure with 
BH structure, which are the most widely used in the industry. 

Dispersion-Compensating Fibers for Raman Applications (Chapter 6) 

Dispersion-compensating fibers are the most widely used technology for dispersion 
compensation. Also, DCF is a good Raman gain medium, due to a relatively high 
germanium doping level and a small effective area. Dispersion-compensating Raman 
amplifiers integrate two key functions, dispersion compensation and discrete Raman 
amplification, into a single component. Use of DCF for broadband Raman amplifiers 
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raises new requirements for the properties of the DCF including requirements for 
gain, double Rayleigh scattering, and broadband dispersion compensation. Dispersion 
slope compensation is now possible for all types of transmission fibers, and the next 
challenge for broadband dispersion compensation is dispersion curvature. Dispersion- 
compensating Raman amplifiers have been realized with high-gain, low-noise figure 
and low multipath interference arising from double Rayleigh back scattering. 

New Raman Fibers (Chapter 7) 

Standard transmission fibers with silica core doped with a small concentration of 
GeCF have a low value of the Raman gain and a peak Raman gain at a frequency shift 
of about 440 cm - 1 . However, for a number of applications such as discrete Raman 
amplifiers and Raman fiber lasers, special fibers with much higher Raman gain and/or 
various Raman frequency shifts are often required. Early experiments show that low- 
loss, high GeCF- and P 2 O 5 -doped silica fibers could be promising fiber gain Raman 
fibers. For example, phosphor-silicate glass has two Raman scattering bands shifted 
by 650 cm -1 and 1300 cm -1 , and the cross-section for these bands is 5.7 and 3.5 times 
higher compared to silica. However, these fibers have met with serious challenges 
during fabrication by well-developed techniques. Nonetheless, at present germano- 
silicate and phosphor-silicate Raman fibers are being widely used for constructing 
CW Raman fiber lasers, which can cover the whole spectral range of 1.2 to 1.75 
microns. These CW medium power (1 to 10 W) lasers are a convenient laser source 
for pumping optical fiber amplifiers and some lasers. 

Noise due to Fast Gain Dynamics (Chapter 8) 

The time response of the Raman effect is associated with the vibrations of the 
molecules in the gain medium and is on the order of several hundred femtoseconds. 
Compared to current data rates, this energy transfer is practically instantaneous, re- 
sulting in very fast gain dynamics. In a copumped Raman amplifier, the gain dynamics 
are averaged due to chromatic dispersion between pump and signal wavelengths. This 
lessens the impact of the fast physical process and results in a more improved system 
performance than would otherwise be expected. In a counterpumped Raman ampli- 
fier, the different propagation directions of pump and signals average the gain over 
the cavity length. This much stronger averaging greatly reduces system penalties in 
counterpumped amplifiers. In this chapter models are developed for co- and counter- 
pumped Raman amplifiers that quantify both the transfer of relative intensity noise 
from the pump to the signal and also the signal-to- signal crosstalk, mediated by the 
pump (crossgain modulation). In addition, the system impact in terms of Q penalty is 
determined, as well as determining the actual energy transfer from pumps to signals 
and from crossgain modulation. 

Forward, Bidirectional, and Higher-Order Raman Amplification (Chapter 9) 

Distributed Raman amplification can be achieved by optical pumping at either end of 
the fiber. In a unidirectional transmission line, all signals travel in the same direction. 
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In contrast, bidirectional transmission can be used to realize two-way traffic within 
a single fiber line: counterpropagating signal traffic is launched and received at the 
opposite ends of the optical link. A bidirectionally pumped fiber span can support both 
uni- and bidirectional signal transmission. A unidirectionally pumped span, however, 
almost exclusively supports unidirectional signal traffic. This chapter explores and 
compares forward, bidirectional, and higher-order Raman amplification. Higher-order 
pumping refers to the introduction of shorter-wavelength pumps that are used to 
pump the pump; that is, the higher-order pump amplifies the first-order pump, which 
in turn pumps the signal band. Different pumping schemes provide different levels 
of performance, but each scheme has a trade-off of performance versus pump laser 
restrictions. 
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Section B. Subsystems and Modules 
S-Band Raman Amplifiers (Chapter 10) 

The design, implementation, and issues associated with S-band amplification are dis- 
cussed in this chapter, with a special emphasis on lumped Raman amplifiers (LRAs). 
LRAs can be used in a split-band augmentation strategy with new or already deployed 
C- and/or L-band systems, which are usually amplified with EDFAs. To open up the 
S-band, the key enabling technology is the appropriate optical amplifier. Raman am- 
plifiers appear to be a practical solution to the S-band amplifier, and they are a mature 
technology ready for deployment. Utilizing silica fiber as the gain medium, Raman 
amplifiers can be readily fusion spliced with the fiber used in the transport infrastruc- 
ture. LRAs have also been demonstrated with performance on a par with commercial 
C-band EDFAs in terms of gain, noise figure, and bandwidth. In addition, LRAs can 
be implemented efficiently using DCF, which means that the lumped amplifier can be 
integrated with the dispersion compensation. The major challenge of Raman ampli- 
fiers has been their lower efficiency than EDFAs, but this discrepancy is narrowing 
through better gain fibers, higher laser diode pump powers, and the inherent better 
slope efficiency for Raman amplifiers at higher channel count. The bulk of this chapter 
focuses on the issues and experimental demonstration of S-band LRAs in fiber-optic 
transmission systems. 

Raman Fiber Lasers (Chapter 11) 

This chapter focuses on cascaded Raman fiber lasers (RFL), which use the stimulated 
Raman scattering in optical fibers to shift the wavelength of light from an input pump 
laser to another desired wavelength. Devices at almost any wavelength can be made 
by proper choice of a pump wavelength, and by cascading the pump through several 
Raman shifts. Although RFL had been demonstrated since the 1970s, the advent of 
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fiber Bragg gratings made the devices practical. A broadband flat Raman gain profile 
can be obtained using multiple pump wavelengths, and it is advantageous to have all 
the required wavelengths emitted from one source. This motivated the development 
of a multiple wavelength RFL. Single cavities simultaneously lasing from two to 
six wavelengths have been demonstrated. Finally, distributed Raman amplification 
techniques have become more sophisticated with the proposed use of higher-order 
pumping schemes. The use of a RFL is especially suited to this application, inasmuch 
as large amounts of powers are required at the shortest pump wavelength. 

Distributed Raman Transmission: Applications and Fiber Issues (Chapter 12) 

The persistent demand for higher performance (capacity, system reach, data rate, 
etc.) has turned system designers to distributed Raman for its lower noise figure. 
Today’s data-dominated traffic patterns require reach beyond 1000 km, and Raman 
amplification is one vital tool in pushing out the system reach. This chapter reviews 
the two most important properties of an optical amplifier — pump efficiency and noise 
figure — and compares Raman to erbium amplification. The concept of effective noise 
figure is covered, which leads to a generic system scaling relationship that aids in the 
prediction of Raman-assisted, system performance improvements. Raman transmis- 
sion experiments at 10 Gb/s and 40 Gb/s are summarized, and design issues specific to 
these systems are covered. In addition, dispersion-managed fiber consisting of optical 
fiber spans that can be optimized for Raman transmission is introduced. 

Hybrid EDFA/Raman Amplifiers (Chapter 13) 

This chapter describes the technologies needed for cascading an EDFA and a fiber 
Raman amplifier to create a hybrid amplifier, the EDFA/Raman hybrid amplifier. Two 
kinds of hybrid amplifiers are defined in this chapter: the “narrowband hybrid ampli- 
fier,” and the “seamless and wideband hybrid amplifier.” The narrowband amplifier 
employs distributed Raman amplification in the transmission fiber together with an 
EDFA; this provides low-noise transmission in the C- or L-band. The noise figure 
of the transmission line is lower than it would be if only an EDFA were used. The 
wideband amplifier, on the other hand, employs distributed or discrete Raman am- 
plification together with an EDFA. The wideband amplifier provides a low-noise and 
wideband transmission line or a low-noise and wideband discrete amplifier for the C- 
and L-bands. The typical gain bandwidth of the narrowband amplifier is ~30 to 40 
nm, whereas that of the wideband amplifier is ~70 to 80 nm. 

Wideband Raman Amplifiers (Chapter 14) 

This chapter describes the design and implementation of wideband Raman ampli- 
fiers. All-Raman amplification enables the lowest cost and smallest footprint system, 
and Raman amplification provides a simple single platform for long-haul and ultra- 
long-haul fiber-optic transmission systems. Despite a significant list of advantages, a 
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number of challenges exist for Raman amplification, including: pump-pump interac- 
tions, interband and intraband Raman gain tilt, noise arising from thermally induced 
phonons near the pump wavelengths, multipath interference from double Rayleigh 
scattering, coupling of pump fluctuations to the signal, and pump-mediated signal 
crosstalk. Fortunately, design techniques exist for overcoming all of these physical 
limitations, thus allowing for the relatively simple implementation of 100 nm Raman 
amplifiers. Although commercially available wideband Raman amplifiers have been 
limited to a bandwidth of 100 nm to date, laboratory experiments have shown am- 
plifiers with much larger bandwidths. Bandwidths greater than 100 nm are usually 
achieved with such special techniques as new glass compositions or wavelength guard 
bands around the pump wavelengths. Finally, the application of wideband Raman am- 
plification in high-performance transmission systems is reviewed. For example, an 
all-Raman amplifier structure with discrete and distributed amplification can give 
significant advantages of reach and capacity. Such a design has been implemented, 
and the transmission feasibility of 240 OC-192 channels over 1565 km standard 
single-mode fiber has been demonstrated 

Section C. Systems Design and Experiments 

Multiple Path Interference and Its Impact on System Design (Chapter 15) 

Up to the end of the 1990s, the main causes of signal degradation in transmission were 
fiber nonlinearity and amplified spontaneous emission from optical amplifiers. With 
the advent of Raman amplification in fiber-optic communications systems, another 
source of signal degradation has become increasingly relevant: so-called multiple 
path interference or MPI. This chapter focuses on MPI and its impact on receiver and 
system design. Optical amplification can exacerbate MPI by providing gain for paths 
that would otherwise have too much attenuation to be significant. Sources of MPI 
include discrete reflections within or surrounding optical amplifiers, double Rayleigh 
scattering in optical amplifiers or in the transmission span, and unwanted transverse 
mode mixing in higher-order mode dispersion compensators. The properties of MPI 
and Rayleigh scattering are reviewed, and the techniques for measuring MPI level 
are then described. The impact of MPI on beat-noise limited receivers is discussed, 
along with techniques for system design optimization. 

Raman Impairments in WDM Systems (Chapter 16) 

In most chapters of this book, stimulated Raman scattering is invoked intentionally. 
Pump radiation is coupled into the fiber carrying the signal radiation to generate Ra- 
man gain. However, SRS also occurs unintentionally in WDM transmission systems. 
Due to the large number of channels inside the Raman gain bandwidth, total power 
can add up to levels where considerable amounts of SRS are generated, with the signal 
channels acting as pumps. In contrast to the beneficial effects of intentional Raman 
pumping, the unintended generation of SRS usually degrades system performance. 
This chapter addresses effects resulting from the unintended invocation of SRS and 
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their impact on WDM signal transmission. A number of system impairments result 
from the interaction between signal channels due to SRS. Effects with time scales 
well below the bit period affect the mean values of the individual channel powers. On 
the other hand, fast interactions between individual bits change the variances of the 
respective channel powers and can be considered as noise. In addition, some selection 
criteria for transmission fibers with respect to Raman efficiency are provided. 

Ultra-Long-Haul Submarine and Terrestrial Applications (Chapter 17) 

Ultra-long-haul (ULH) optically amplified transmission systems (defined in this chap- 
ter as those spanning from 1500 to 12,000 km) are some of the most technically 
challenging systems designed today. Undersea cable systems require ULH, inasmuch 
as the distance across the Atlantic Ocean is approximately 6000 km and the distance 
across the Pacific Ocean is approximately 9000 km. For terrestrial networks, the ULH 
networks are needed because of the change in the nature of the traffic. Until a few years 
ago, voice traffic dominated the network, and a span distance of 600 km satisfied more 
than 60% of the connections for voice traffic. However, with the Internet dominating 
the traffic now, a span distance of 3000 km is required to satisfy 60% of the connec- 
tions for Internet traffic. In terrestrial systems, the marriage of Raman amplification 
technology and EDFAs has demonstrated great benefit by expanding the bandwidth of 
amplifiers, extending the distance between amplifiers, and allowing longer distances 
to be spanned. For submarine systems where the systems are designed to achieve a 
desired capacity over often the longest transmission distances, shorter span length 
(than for terrestrial systems) often has to be chosen. For such shorter spans (~50 
km), the benefits of Raman amplification are not nearly as substantial. Presently, the 
most promising candidate use of Raman amplification in submarine systems is the 
wideband hybrid Raman-EDFA. For systems that require a very wide bandwidth this 
seems like an attractive way to more than double the transmission bandwidth without 
doubling the component count. 

Ultra-Long-Haul, Dense WDM Using Dispersion-Managed Solitons in an 
All-Raman System (Chapter 18) 

In an all-Raman-amplified system, dispersion-managed solitons can provide for dense 
WDM, uniquely compatible with all-optical terrestrial networking, robust and error- 
free over many thousands of kilometers. This chapter discusses various aspects of 
system design, including optimal dispersion maps, nonlinear and noise penalties, and 
typical dense WDM system performance. For example, dispersion-managed solitons 
are described as well as their special, periodic pulse behavior, their advantages over 
other transmission modes, and the conditions required to create and to maintain them. 
Also studied is one serious nonlinear penalty they suffer, viz. the timing jitter from 
collisions with solitons of neighboring channels. Dispersion-managed solitons, in 
an all-Raman, dense WDM system at 10 Gb/s per channel, makes a natural and 
comfortable fit with existing terrestrial fiber spans and can provide for transmission 
that is robust and error-free out to distances of 7000 km or more. In addition, such 
transmission is uniquely suited to provide the backbone of an all-optical network. 
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40 Gb/s Raman-Amplified Transmission (Chapter 19) 

High-capacity 40 Gb/s transmission systems offer scalable solutions for future traf- 
fic growth in the core network. The challenges of 40 Gb/s systems include optical 
signal-to-noise ratio, fine-tuned dispersion compensation, and polarization mode dis- 
persion. Raman amplification is likely to be a key driver to ease the noise performance 
and increase the available bandwidth for 40 Gb/s DWDM systems. New fiber tech- 
nologies provide high system performance and enable a simple and cost-effective 
dispersion-compensation scheme. More system margin can also be expected from 
high-coding-gain forward error correction. Optimized modulation formats and high- 
speed optoelectronics will make practical deployment of 40 Gb/s DWDM systems 
possible, facilitating multiple terabit transmission over Mm distance at low cost-per- 
bit-per-kilometer. The challenges of DWDM transmission at 40 Gb/s are addressed 
in this chapter, along with the technologies enabling 40 Gb/s terrestrial transmission. 
Also described are advanced experiments and demonstrations at 40 Gb/s using Raman 
amplification. 
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Chapter 1 



Overview of Raman Amplification 
in Telecommunications 



Mohammed N. Islam 



1.1. Introduction 

In the early 1970s, Stolen and Ippen [1] demonstrated Raman amplification in optical 
fibers. However, throughout the 1970s and the first half of the 1980s, Raman amplifiers 
remained primarily laboratory curiosities. In the mid-1980s, many research papers 
elucidated the promise of Raman amplifiers, but much of that work was overtaken 
by erbium-doped fiber amplifiers (EDFAs) by the late 1980s. However, in the mid to 
late 1990s, there was a resurgence of interest in Raman amplification. By the early 
part of the 2000s, almost every long-haul (typically between 300 and 800 km) or 
ultra-long-haul (typically longer than 800 km) fiber-optic transmission system uses 
Raman amplification. There are some fundamental and technological reasons for the 
interest in Raman amplifiers that this book explores. 

As an overview for the book, this chapter surveys Raman amplification for 
telecommunications. The outline of the chapter is as follows. First we review the 
physics of Raman amplification in optical fibers, starting with a brief review of Ra- 
man gain. Then we discuss the advantages and challenges of Raman amplifiers. We 
also discuss some of the recent technological advances that have caused revived in- 
terest in Raman amplifiers. A comparison is also made between Raman amplifiers 
and erbium-doped fiber amplifiers. 

To describe recent developments in Raman amplifiers, we categorize amplifiers 
into two categories: distributed and discrete or lumped. There are, of course, also 
hybrid amplifiers that can be a combination of the two. The second section of the 
chapter focuses on distributed Raman amplifiers, or so-called DRAs. We show that 
a DRA can improve the signal-to-noise ratio and nonlinear penalty of amplifiers. 
We also describe systems using DRAs. Finally, we discuss some of the issues and 
challenges in using DRAs. 

The third section discusses discrete or lumped Raman amplifiers. We show that 
discrete Raman amplifiers are often used to open up new wavelength bands in fiber 
systems. For example, discrete Raman amplifiers are used in the 1310 and 1400 nm 
wavelength bands. The fiber capacity can be almost doubled by opening up the so- 
called S-band, which covers the wavelength range between 1430 and 1530 nm. Finally, 
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we describe all Raman transmission system experiments in the short-wavelength S- 
band to illustrate some of the performance achieved in lumped or discrete Raman 
amplifiers. In the last section we summarize the chapter. 



1.2. Raman Amplification in Optical Fibers 

Raman gain arises from the transfer of power from one optical beam to another 
that is downshifted in frequency by the energy of an optical phonon (a vibrational 
mode of the medium), as shown in Fig. 1.1. Figure 1.2 shows that Raman amplifiers 
utilize pumps to impart a transfer of energy from the pumps to the transmission 
signals through the Raman effect mechanisms. In particular, counterpropagating pump 
geometry is illustrated. As discussed below, this is commonly used to avoid coupling 
of pump fluctuations to the signal. Also shown are isolators that can be used around 
the amplifiers to avoid the amplification of spurious reflections and control of double 
Rayleigh scattering. 

The Raman gain spectrum in fused silica fibers is illustrated in Fig. 1.1 [1,2]. The 
gain bandwidth is over 40 THz wide, with the dominant peak near 13.2 THz. The 
gain band shifts with the pump spectrum, and the peak value of the gain coefficient 
is inversely proportional to the pump wavelength. In the telecommunications bands 
around 1500 nm, 13.2 THz corresponds to approximately 100 nm. For example, if 
the pump is near 1450 nm, then the gain band will be around 1550 nm. 




Fig. 1.1. Raman gain curve in fused silica fiber for copolarized pump and signal beams [1,2]. 
Inset shows an energy level diagram representative of the Raman process, which takes a higher- 
energy pump photon and splits it into a lower-energy signal photon and a phonon. 
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Fig. 1.2. Raman amplifiers transfer energy from the pump beam to the signal beam. The 
configuration shown has a counterpropagating pump and signal beam. 



For the continuous wave case, the interaction between the pump and signal is 
governed by the following set of coupled equations [2], 
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where the absorption coefficients ot s and a p account for the fiber loss at the signal and 
pump wavelengths. These equations assume that the pump and signal are copolarized. 
To simplify the solution, we neglect the first term on the right-hand side of the second 
equation, which is responsible for pump depletion. Then the signal power can be 
solved for as follows, 



P s (z) — p s (0) e ( '( gR / Ae ff' ,PpZe ff -°‘ sz) , 



where 

Z e ff — (1 — e a P z )/o/p is the effective fiber length, 

-jPy- is the Raman gain efficiency, with gp the Raman gain coefficient, 

A e ff is the effective core area of the pump, 

Pp (z) is the power of the pump, and 
P$( 0) is the power of the signal. 

Because a long fiber length with small core size is required for Raman amplifiers, 
it is possible to combine the amplification process with the required chromatic disper- 
sion compensation. To achieve the most efficient gain due to Raman, gain fiber with 
the smallest effective area A e ff is best utilized. Of the various fiber types commer- 
cially available, dispersion-compensating fiber, or DCF, exhibits the smallest A e ff, 
resulting in the highest Raman gain efficiency (see Table 1.1). The resulting, chro- 
matic dispersion compensation can be achieved simultaneously within the discrete 
Raman amplifier portion of an “all-Raman” system. External, per band, DCF units, 
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Table 1.1. Effective Area Ranges for Different Fiber Types 





Effective Area (/zm 2 ) 


Fiber Type 


(@ -1550 nm) 


SMF 


72-80 


NZDSF 


55-72 


DSF 


45-50 


DCF 


20-35 



along with their associated attenuation of the signal wavelengths, need not be engi- 
neered into the total system span budget. In current systems such as those based on 
EDFAs, the loss of the DCF is minimized by placing the DCF in the midstage of 
a two- or more stage amplifier. Even so, some amount of margin must be allocated 
for the DCF loss, or alternately the additional gain and associated noise required to 
compensate this loss. With Raman, the DCF provides gain, not loss. 

Some of the Raman fundamental properties would appear to be drawbacks for 
telecommunications applications. However, many of these drawbacks can be over- 
come by proper design of the amplifier architecture. For example. Fig. 1.3 illustrates 
the polarization dependence of Raman gain [1]. The copolarized gain is almost an 




0 6 12 18 24 30 36 42 

Frequency Shift (THz) 



Fig. 1.3. Normalized Raman gain coefficient for copolarized and orthogonally polarized pump 
and signal beams [1], Source: R.H. Stolen and E.R Ippen “Raman Gain in Glass Optical 
Waveguides” Applied Physics Letters Vol 22 (©1973 AIP) 
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order of magnitude larger than the orthogonal polarization gain near the peak of 
the Raman curve. Nonetheless, a polarization-independent Raman amplifier can be 
made by using polarization diversity pumping to avoid polarization-dependent loss. 
Furthermore, the mixture of modes in a nonpolarization-maintaining fiber helps to 
scramble the polarization dependence. 

1.2.1. Advantages and Challenges of Raman Amplifiers 

Based on the above physics, some of the advantages of Raman amplifiers become 
clear. First, Raman gain exists in every fiber: this means, for example, that existing 
links can be upgraded even though they are already installed. This provides a cost- 
effective means of upgrading, inasmuch as the upgrade can be done from the terminal 
ends. Second, the gain is nonresonant, which means that gain is available over the 
entire transparency region of the fiber ranging from approximately 0.3 microns to 2 
microns. To illustrate, Fig. 1.4 shows the attenuation versus wavelength for a typical 
fused silica fiber [4], For wavelengths below 1310 nm, loss rises from Rayleigh 
scattering. For wavelengths above about 1620 nm, the loss rises from bend-induced 
losses as well as infrared absorption. This still provides a window from about 1250 to 
1650 nm, or a window of about 50 THz optical bandwidth. Most systems today use 
erbium-doped fiber amplifiers and operate in the C-band, which stretches between 
about 1530 and 1565 nm. Extended band amplifiers are beginning to open up the long- 
wavelength L-band, which is between approximately 1570 and 1610 nm. Therefore, 
less than half of the low-loss window in the optical fiber is used with current amplifier 
technology based on EDFAs. 

A third advantage of Raman amplifiers is that the gain spectrum can be tailored 
by adjusting the pump wavelengths. For instance, multiple pump lines can be used to 
increase the optical bandwidth, and the pump distribution determines the gain flatness. 
As an example of tailoring of the Raman gain spectrum. Fig. 1.5 shows the gain 




(235 THz) Wavelength (nm) (185 THz) 

(optical frequency) 



Fig. 1.4 . Attenuation versus wavelength for a typical fused silica fiber [4] . Source: R.B . Rummer 
“Fiber Issues for Nontraditional Wavelength Bands” OFC Technical Digest, pg ThR 1 - 1 (©2000 
OSA) 
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Fig. 1.5. Raman gain spectrum using one or two pump wavelengths [5, 6]. 
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Fig. 1.6. An almost flat Raman gain spectrum stretching from 1530 to 1610 nm. To achieve 
the flatness, 12 pump wavelengths are used between 1417 and 1510 nm [7], Source: S. Namiki 
and Y. Emori “Broadband Raman Amplifiers: Design and Practice” OFC Technical Digest, pg 
OMB2 (©2000 OSA) 



spectrum using one or two pump wavelengths [5, 6]. By placing pump wavelengths 
approximately 15 to 20 nm apart, the gain band can be almost doubled from 25 to 
35 nm. As an extreme example. Fig. 1.6 shows a flat gain spectrum stretching from 
1530 to 1610 nm. To achieve a gain flatness of 0.1 decibels, 12 pump wavelengths 
are used between 1417 and 1510 nm [7]. 

Another advantage of Raman amplification is that it is a relatively broadband 
amplifier with a bandwidth >5 THz. In addition, the gain is reasonably flat over 
a wide wavelength range, thus making it easier to gain flatten. As a comparison, 
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Wavelength (/xm) 



Fig. 1.7. Gain spectrum of an erbium-doped fiber amplifier [8]. Source: E. Desurvire “Erbium- 
Doped Fiber Amplifiers: Principles and Applications”, Copyright ©1994, John Wiley & Sons, 
Inc; This material is used by permission of John Wiley & Sons, Inc. 



Fig 1.7 shows the gain spectrum of an erbium-doped fiber amplifier. The complexity 
of the required gain-flattening filter function can be characterized by the number 
of Gaussian or Fourier terms needed to fit the gain spectrum. The erbium band, in 
particular, requires five Gaussian terms to fit the usable band [8]. On the other hand. 
Fig. 1.8 shows a typical spectrum of the Raman amplifier, which typically requires 
only two Gaussian terms to fit the gain [9], 

Despite these advantages, Raman amplifiers were not deployed until the late 
1990s. The problem was a relatively poor efficiency of Raman amplifiers at lower 
signal powers. To illustrate. Fig. 1.9 shows a 1994 curve of fiber amplifiers’ gain 
versus input pump power [8]. Erbium-doped fiber amplifiers required powers in the 
range of 1 to 10 mW, whereas Raman amplifiers required powers in the range of 1 to 
5 W. Therefore, to achieve a gain of 20 dB or more required almost three orders of 
magnitude more pump power in Raman amplifiers. As discussed below, technological 
advances have substantially narrowed this difference. 

The challenges for Raman amplifiers can be summarized as follows. First, com- 
pared to the EDFAs, Raman amplifiers have relatively poor pumping efficiency. Al- 
though a disadvantage, this lack of pump efficiency also makes gain clamping easier 
in Raman amplifiers. Second, Raman amplifiers require a longer gain fiber. However, 
this disadvantage can be mitigated by combining gain and the dispersion compensa- 
tion in a single fiber. A third disadvantage of Raman amplifiers is a fast response time, 
which gives rise to new sources of noise, as further discussed below. Finally, there 
are concerns of nonlinear penalty in the amplifier for the WDM signal channels. 
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Fig. 1.8. Typical spectrum of a Raman amplifier pumped by one pump wavelength [9]. Source: 
A.J. Stentz, T. Nielsen, S.G. Grubb, T.A. Strasser and J.R. Pedrazzani “Raman Ring Amplifier 
at 1.3 /x m with Analog-Grade Performance and an Output Power of 23 dBm” OFC Technical 
Digest, Postconference Edition, pg PD- 16 (©1996 OS A) 
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Fig. 1.9. Fiber amplifier gain versus input pump power for a variety of amplifiers, including 
rare earth-doped amplifiers and Raman amplifiers [8], Source: E. Desurvire “Erbium-Doped 
Fiber Amplifiers: Principles and Applications”, Copyright ©1994, John Wiley & Sons, Inc; 
This material is used by permission of John Wiley & Sons, Inc. 
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1.2.2. Revived Interest in Raman Amplifiers 

Despite these challenges, there has been revived interest in Raman amplifiers. Sev- 
eral technological advances over the last few years have made Raman amplifiers 
feasible and practical. It is interesting to note that the physics of Raman has not 
changed, but rather it is new technologies that have enabled Raman amplifiers to 
come of age. The first key development has been the availability of higher Raman 
gain fibers with relatively low loss. As an example, there is more than a tenfold 
increase in gain efficiency in commercial dispersion-compensating fiber compared 
to standard single-mode fiber. Figure 1.10 illustrates the Raman gain efficiency for 
different fibers, including standard single-mode fiber (SMF), dispersion-shifted fiber 
(DSF), and dispersion-compensating fiber (DCF) [7]. Moreover, new Raman gain 
fibers continue to be introduced commercially with different dispersion profiles and 
dispersion slopes. 

A second key [6] development for Raman amplifiers has been the availability of 
high pump power laser diodes or cladding-pump fiber lasers. Cladding-pump fiber 
lasers are now available with output powers in excess of 10 W in a single-mode fiber. 
Commercial laser diodes are available with more than 300 mW output powers, and 
they will soon be upgraded to 400 mW [ 10]. In addition, research on high-power laser 
diodes shows the availability of output powers in excess of one watt in single-mode 
fibers in the near future; see, for example, Fig. 1.11 [11]. 

A third technological development important for Raman amplifiers has been the 
availability of all fiber components to replace bulk optics. For example, gratings. 




Frequency Shift (THz) 



Fig. 1.10. Raman gain efficiency for different fibers, including standard single-mode fiber 
(SMF), dispersion-shifted fiber (DSF), and dispersion-compensating fiber (DCF) [7], Source: 
S. Namiki and Y. Emori “Broadband Raman Amplifiers: Design and Practice” OFC Technical 
Digest, pg OMB 2 (©2000 OSA) 
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Fig. 1.11. Research on high-power laser diodes shows the availability of output powers in 
excess of 1 W in single-mode fibers [11], Source: A. Mathur, M. Ziari, V. Domenic “Record 
1 Watt Fiber-Coupled-Power 480 nm Diode Laser Pump for Raman and Erbium Doped Fiber 
Amplification” OFC Technical Digest, Postconference Edition, pg PD- 15 (©2000 OS A) 



specialty couplers, WDMs, and the like, are now available for splicing easily into 
all fiber configurations. In addition, fiber-pigtailed bulk-optic couplers are also now 
commercially available with full high-power reliability qualifications mainly based 
on epoxy-free technologies. A spliced-together fiber amplifier configuration is much 
more resistant to mechanical and environmental disturbances than its bulk-optical 
counterpart. Thus an up to 100-fold increase in pump power combined with up to 
a 10-fold increase in Raman gain coefficient leads to renewed interest in Raman 
amplification in an all-fiber configuration. 

1.2.3. Sources of Noise in Raman Amplifiers 

There are several primary sources of noise in Raman amplifiers. The first is double 
Rayleigh scattering (DRS), which corresponds to two scattering events (one back- 
ward and the other forward) due to the microscopic glass composition nonuniformity. 
Amplified spontaneous emission (ASE) traveling in the backward direction will be 
reflected in the forward direction by DRS and experience gain due to stimulated Ra- 
man scattering. This in addition to ASE experiencing multiple reflections will degrade 
the signal-to-noise ratio. Furthermore, multipath interference of the signal from DRS 
will also lower the signal-to-noise ratio. DRS is proportional to the length of the fiber 
and the gain in the fiber, so it is particularly important in Raman amplifiers due to 
the long length of fiber, where lengths of several kilometers are typically required. 
From a practical viewpoint, DRS limits the gain per stage to approximately 10 to 15 
dB. Higher-gain amplifiers can be obtained through the use of isolators between the 
multiple stages of amplification. For example, a 30 dB discrete Raman amplifier has 
been demonstrated commercially with two stages of amplification and a noise figure 
less than 5.5 dB [12]. 

The second source of noise arises from the short upper-state lifetime of Raman 
amplification, as short as 3 to 6 fsec. This virtually instantaneous gain can lead to a 
coupling of pump fluctuations to the signal. The usual way of avoiding this deleterious 
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coupling is to make the pump and signal counterpropagating, which has the effect 
of introducing an effective upper-state lifetime equal to the transit time through the 
fiber. If copropagating pumps and signals are to be used, then the pump lasers must 
be very quiet. That is, they must have a very low so-called relative intensity noise 
or RIN. For example, copropagating pumps use Fabry-Perot laser diodes instead of 
grating-stabilized laser diodes [13]. 

A third primary source of noise in Raman amplifiers is the usual ASE. As is typical 
for reasonable signal power levels, signal- ASE beating noise dominates over ASE- 
ASE beating noise. Fortunately, Raman amplifiers have inherently low noise from 
signal-ASE beating because a Raman system always acts as a fully inverted system. 
For example, the ASE power spectral density can be written as 

Sase(v) = (G- l)hv(N 2 /N 2 - Ni) 



and the noise figure as 

NF= ^{2Sase(v)/hv+ 1), 

KJ 

where N 2 is the upper state population and N i is the lower state population. For 
Raman amplifiers the N 2 /(N 2 — N i) term is always equal to one, whereas in EDFAs 
it is usually greater than one [8]. In an EDFA this term is only equal to one for an 
amplifier fully inverted through the entire length of the gain fiber. On the other hand, 
since Raman amplifiers use long fiber lengths, the small fraction of passive loss of 
the gain fiber needs to be added to the noise figure. Nonetheless, discrete Raman 
amplifiers with noise figures as low as 4.2 dB have been reported [9]. 

Finally, a fourth source of noise arises from the phonon-stimulated optical noise 
created when wavelength signals being amplified reside spectrally close to pump the 
wavelengths used for amplification. In other words, at room or elevated tempera- 
tures there is a population of thermally induced phonons in the glass fiber that can 
spontaneously experience gain from the pumps, thereby creating additional noise for 
signals close to the pump wavelengths. It has been shown that this effect can lead to 
an increase in the noise figure of up to 3 dB for signals near the pump wavelength. 

A number of papers have shown that there is a fundamental design compromise 
between bandwidth and low-noise operation in Raman amplifiers [14-16]. As an 
example, Fludger and coworkers calculate and measure the increased spontaneous 
emission arising from the thermal distribution of phonons in the ground state. They 
calculate that in the limit of high gain and lossless fiber, the noise figure NF for the 
Raman amplifier is given by 



££<ln(g,) 

F — 2-^= . 

L ln C?i) 

i 

The denominator is the net gain of the amplifier (the ith term corresponding to the 
ith pump), and the numerator is the sum over the spontaneous emission factor times 
the gain contribution for each of the pumps. The spontaneous emission factor £) is 
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a Bose-Einstein distribution and takes into account the thermal population of optical 
phonons in the ground state 



£(Av) = 1 + 



exp 



^/iAr 



kT 



where 



h — Planck’s constant, 
k = Boltzman’s constant, 

T — temperature in Kelvin, 

A i ! / = frequency difference between the zth pump and signal. 

The above equations show that the noise figure is dependent on both the spontaneous 
emission factor and the relative amount of gain provided by each pump wavelength. 
The increased spontaneous emission is particularly crucial when the signal wavelength 
is close to the pump wavelength. For example, Fig. 1.12 illustrates the number of 
spontaneous photons per mode versus frequency, which has a significant increase for 
small frequency shifts and realistic temperatures. 

Figure 1.13 shows the influence of the noise factor for a broadband discrete 
Raman amplifier [14], In particular. Fig. 1.13(a) shows the simulated gain spectrum 
for a five-wavelength pumped, discrete Raman amplifier. The relative gains from each 
pump were chosen to give the broadest and flattest spectrum with the highest pump 
wavelength at 1495 nm and the lowest signal near 1500 nm. There is a significant 
gain contribution from the 1495 nm pump to lower wavelength signals. Fig. 1.13(b) 
shows the best achievable internal noise figure for the lossless fiber case. Because a 
substantial amount of the total gain at shorter signal wavelengths is given by the 1495 
nm pump, there is increased spontaneous emission as the signals approach the pump. 




Fig. 1.12. Number of spontaneous photons per mode versus frequency for different tempera- 
tures [14], Source: C.R.S. Fludger and V. Henderek “Fundamental Noise Limits in Broadband 
Raman Amplifiers” OFC Technical Digest. Postconference Edition, pg MA5 (© 2001 OSA) 
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Wavelength (nm) 
(a) 




Wavelength (nm) 

(b) 

Fig. 1.13. Influence of the noise factor for a broadband discrete Raman amplifier [14]: (a) 
simulated gain spectrum for a five-wavelength pumped, discrete Raman amplifier; (b) best 
achievable internal noise figure for the lossless fiber case. Source: C.R.S. Fludger and V. 
Henderek “Fundamental Noise Limits in Broadband Raman Amplifiers” OFC Technical Digest, 
Postconference Edition, pg MA5 (© 2001 OS A) 

Fludger and coworkers have also experimentally verified the influence of the ther- 
mal dependence of the spontaneous noise factor in the noise performance of a DRA. 
For the measurements, an 80 km length of nonzero dispersion-shifted fiber was placed 
in a temperature controlled chamber, and the transmission fiber was counter-pumped 
using a pump assembly designed to give 95 nm flat gain across the C- and L-bands. 
Figure 1.14 shows the fiber loss with and without a DRA and the effective noise fig- 
ure at various temperatures. The points indicate measurements, and the solid lines are 
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Fig. 1.14. Effective noise figure at various temperatures with and without a Raman pump [14]. 
Source: C.R.S. Fludger and V. Henderek “Fundamental Noise Limits in Broadband Raman 
Amplifiers” OFC Technical Digest, Postconference Edition, pg MA5 (© 2001 OSA) 



numerical simulations. It can be seen that a temperature variation of between —20° C to 
80°C causes approximately 1 dB change in the effective noise figure at shorter wave- 
lengths. Also, despite an almost flat gain, the noise figure can be several dB higher 
on the short side of the band compared to the long wavelength side of the band. 

1.2.4. Raman for DWDM Long-Haul Systems 

Raman amplifiers provide a simple single platform for long-haul and ultra-long- 
haul amplifier needs. Raman amplifiers are broadband and wavelength agnostic. For 
example, gain bandwidths of up 100 nm have been demonstrated [16, 7, 17, 18, 5, 30, 
20], and the 100 nm can fall anywhere in the transparency window between roughly 
the 1300 and 1650 nm typically used in fiber-optic communications. More recently, 
a broadband Raman amplifier with a bandwidth of 136 nm has been demonstrated 
using a pump-and-signal wavelength-interleaved scheme, where stop bands surround 
the pump wavelengths that are within the signal band [21]. Raman amplifiers can be 
distributed, lumped or discrete, or hybrid [20, 22-28]. Thus, either Raman amplifiers 
can serve only as low-noise preamplifiers for rare earth-doped fiber amplifiers, or they 
can meet the full amplifier needs in all-Raman systems. Also, in Raman amplifiers 
the amplification and dispersion compensation can be combined in the same fiber 
length [15, 29, 18, 30, 31]. The dispersion-compensating fiber ends up having net 
gain rather than loss, which leads to a wider system margin and the ability to insert 
other elements such as optical add/drop multiplexers into the system. 

In the dense WDM long-haul and ultra-long-haul fiber-optic system markets, 
Raman amplifiers should win out as the dominant form of amplifier due to their 
simplicity and flexibility. As an example, suppose that a 100 nm wideband system, 
which overlaps the S-, C-, and L-bands, is to be developed. If the system were to 
mimic today’s systems, then band combiners and band splitters would be used around 




1. Raman Amplification in Telecommunications 



15 



three discrete amplifiers (Fig. 1.15(a)). Also, an additional triband distributed Raman 
amplifier would be used for low-noise preamplification. Each of these amplifiers 
would require its own pump lasers, control circuitry, monitoring system, and gain 
equalization. In addition, a separate dispersion compensation fiber would be typically 
used in each discrete amplifier. Moreover, because wideband filters cannot have abrupt 
spectral profiles, several nanometers of guard band wavelengths need to be reserved 
around each band (Fig. 1.15(c)). Also, a system margin of typically 3 dB or more has 
to be reserved for the additional insertion loss from the band couplers. 

In comparison, consider an all-Raman solution for the 100 nm, wideband system. 
The amplifier configuration would simplify to something like Fig. 1.15(b), where a 
broadband distributed Raman amplifier is followed by a broadband discrete Raman 
amplifier. The DRA in this case is no more complicated than that shown above, 
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Fig. 1.15. (a) A typical three-band amplifier configuration using multiple discrete amplifiers 
along with a triband DRA; (b) an all-Raman amplifier using a wideband DRA followed by a 
single, wideband lumped or discrete Raman amplifier. 
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Fig. 1.15. continued (c) The systems are not “equivalent” as an all-Raman system offers 
more bandwidth through a single band without penalties from the obligatory “Guard Bands”; 
(d) tilt management in an all-Raman amplifier that uses monitoring at two points in the amplifier 
stage. 



but the discrete amplifier is considerably simpler. Fewer pumps are required than 
for the three-amplifier case, only one monitoring system is required, and the single 
dispersion-compensating fiber can be combined with the gain fiber in the discrete 
Raman amplifier. More significantly, the band splitter and combiner are not required, 
which removes the requirement for guard bands and allocation of 3 dB or more 
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system margin for the coupler losses. The price to be paid for the simplification in 
Fig. 1.15(b) is that 100 nm, wideband gain equalization and dispersion compensating 
fibers are required, as opposed to the typically 35 nm wide devices in use today. 
For example, this means that dispersion slope compensation as well as dispersion 
magnitude compensation are required. However, the technologies for these wideband 
devices are already becoming available commercially. 

Management of Raman gain tilt is required in either configuration. Although 
present in any DWDM system, Raman gain tilt is most problematic in systems span- 
ning near or above 100 nm of gain bandwidth, near the peak of the Raman gain 
spectrum. This tilt management will be less complicated with an all-Raman system as 
monitoring of the signal wavelengths can occur across the entire band at just two posi- 
tions: immediately before amplification and directly after amplification (Fig. 1 .15(d)). 
Dynamic adjustment of any measured tilt (or other gain-effecting event, such as chan- 
nel drops or additions) can be made through the straightforward adjustment of the 
Raman pump power levels. The very nature of Raman amplification permits this abil- 
ity to “shape” the gain spectrum. Monitoring and adjustment of the banded system 
is more intricate, as a number of monitoring points need to be used together with the 
different gain adjustments for the discrete amplifiers. This is further complicated by 
the fact that the greatest amount of Raman gain tilt will be most prevalent between 
the bands (intraband) and careful coordination of all adjustments, regardless of band, 
needs to take place. 

Additional reliability without added costs is made possible with the all-Raman 
system. This again is due to the nature of the Raman phenomena. Through the careful 
selection of the wavelengths utilized in the pumping scheme of the amplifier, a design 
can be realized that can withstand the failure of one, or even more, of the pump sources 
themselves. Besides transferring power from the pumps to the signal wavelengths, 
power transfers due to the Raman effect occur among the signal wavelengths (as in 
the case of Raman gain tilt) and the pump wavelengths. Thus, a failure to a pump 
source can be compensated for dynamically through the power level manipulation of 
the remaining pumps. Other currently available discrete technologies must make use 
of redundant pumps, thereby increasing costs, or risk going “opaque” when a pump 
source fails. 



1.2.5. Higher Efficiency for Future Systems 

The biggest argument made against Raman amplifiers has been the perception of 
their poor efficiency compared to EDFAs, the industry’s workhorse. However, as the 
total signal power within the transmission fiber increases as the number of channels 
and the bit-rate of the channels increase, Raman amplifiers become more and more 
attractive. In fact, the gain obtained from Raman is greater at the higher input pump 
powers necessitated by the power levels of future systems (Fig. 1.16(a)). Even the 
scheme found in most deployed EDFAs, where a 980 nm first-stage pump is used 
in conjunction with a 1480 nm second-stage pump, are beginning to exhibit the 
“leveling off” of their gain profile as they reach saturation and fail to provide the 
same additional gain for similar increases in pump power. Early WDM systems had 
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Power Conversion Efficiency, Signal Input Power = 20 mW 




Launched Pump Power (W) 
(b) 



Fig. 1.16. Raman amplifiers surpass the power conversion efficiency of EDFAs at the higher 
power levels brought about by future high capacity, long-reach systems. A Raman amplifier 
is compared with a 1480 nm pumped EDFA and a 980 nm pumped EDFA. The signal input 
power is assumed to be 20 mW: (a) Signal output power versus launched pump power; (b) 
power conversion efficiency versus launched pump power. 
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less than 32 channels, or power levels under 100 mW, a region where Raman is much 
less efficient than EDFAs. In the 1999 to 2001 time frame, systems ranged from 64 
to as many as 160 channels, with powers below about 200 mW; the high end of the 
range is where Raman begins to become competitive with EDFAs. Starting in 2002, 
systems have been available with 240 channels and more, with signal output powers 
in the range well above 200 mW. In this new generation of systems, Raman amplifiers 
are superior in terms of pump power efficiency compared even to 1480 nm pumped 
EDFAs. 

Plotting along alternate axes, Fig. 1 .16(b) is a comparison of the power conversion 
efficiency, or PCE, between a 1480 nm pump EDFA and a Raman amplifier assuming 
a signal input power of 20 mW. The PCE is defined as 100 x (output signal power 
— input signal power)/(pump power). Here it can be seen that at lower power levels, 
EDFAs exhibit a PCE of over 30%, whereas Raman remains below 20%. This was to 
be expected and is in agreement with the efficiency figure found in Fig. 1 .9. However, 
as the power levels required by network capacity increases cause pump power levels 
into the higher region, Raman becomes more efficient. This can be seen as Raman’s 
PCE crosses over that of EDFAs at around 0.45 W (or about 26 dBm), a level already 
surpassed in current distributed Raman deployments. 

A couple of interesting points to note include comparing the highest level PCE 
where both the Raman and EDFA "level off.” At these points, the ~60% Raman 
PCE versus the ~40% EDFA PCE results in a more (cost) efficient amplification 
of the higher-capacity systems. Raman’s gain can be further enhanced through an 
optimization of the gain fiber employed and the pumping strategy. 

The details of the assumptions in Fig. 1.16 are as follows. The input is one signal 
at 1529.5 nm with an input signal power of 20 mW. For the Raman amplifier curve, 
a Raman pump wavelength of 1433 nm is chosen, so that the signal falls on the 
gain peak at 13.2 THz away from the pump wavelength. The fiber parameters used 
correspond to Lucent’s WBDK dispersion-compensating fiber. The loss of the fiber at 
the signal wavelength is 0.472 dB/km, the length of the gain fiber is 5.64 km, and the 
Raman gain coefficient is 13.5 dB/(W x km). For the EDFA curves, it is assumed that 
the amplifier is forward pumped by either a 980 nm or 1480 nm pump. The passive 
loss in the EDFA is assumed to be 0.15 dB/m, and the length of the coil (20 m) is 
optimized to give maximum signal output power when pumped with 750 mW of 1480 
nm pump for 20 mW of input power. 



1.3. Distributed Raman Amplifiers 

A DRA is an amplifier where the pump power extends into the transmission line fiber. 
As shown in Fig. 1.17, the DRA utilizes the transmission fiber in the network as the 
Raman gain medium to obtain amplification. Typically, high-powered, counterprop- 
agating, Raman pumps are deployed in conjunction with discrete amplifiers, such as 
EDFAs. 

The power of using a DRA to improve the signal-to-noise ratio and reduce the 
nonlinear penalty is illustrated in Fig. 1.18 [32, 17], In this figure, the signal level in dB 
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Fig. 1.17. DRAs utilize the transmission fiber in the network as the Raman gain medium to 
obtain amplification. Typically, high-power, counterpropagating Raman pumps are deployed 
in conjunction with inline discrete amplifiers such as EDFAs. 
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Fig. 1.18. Signal power in a periodically amplified transmission system. Comparison is made 
between a purely lumped amplified system (“original transmission system”) and a system using 
DRA to assist in the amplification. Also shown is the pump profile for counterpropagating pump. 
DRA permits the transmission of the original signal to occur below the level of nonlinear effects 
because signal amplification along roughly the second half of the span keeps the transmission 
above the system noise floor. 



is plotted versus distance for a periodically amplified system. The sawtoothlike figures 
correspond to lumped amplification, and the curved figures correspond to the use of 
a DRA assisting a lumped amplifier. Using a DRA reduces the overall excursion that 
the signal level experiences. At the top signal level, a DRA does not require as high 
a signal level. Consequently, nonlinear effects are reduced. At the bottom, the signal 
does not dip down as low when a DRA is used. Consequently, the signal-to-noise 
ratio remains higher with the use of the DRA. 
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Fig. 1.19. Equivalent noise figure for a distributed Raman amplifier in (a) standard single-mode 
fiber and in (b) dispersion-shifted fiber [33]. Source: RB. Hansen, A. Stentz, T.N. Nelson. R. 
Espindola, L.E. Nelson and A. A. Abramov “Dense Wavelength Division Multiplexed Transmis- 
sion in ‘Zero-Dispersion' DFS by Means of Hybrid Raman/Erbium-Doped Fiber Amplifiers” 
OFC Technical Digest, Postconference Edition, pg PD8-1 (©1999 OS A) 



Calculations by Hansen and coworkers quantify the noise figure improvement 
when using a DRA for different fiber types [33]. The equivalent noise figure for a 
DRAis illustrated in Fig. 1.19(a) for a standard single-mode fiber and in Fig. 1.19(b) 
for a dispersion-shifted fiber. The equivalent noise figure is the noise figure that a 
discrete amplifier would have if it were placed at the end of the transmission link to 
obtain the same signal-to-noise ratio. For example, a typical lumped EDFA would 
have a noise figure of at least 4 dB. Therefore, in a standard single-mode fiber the 
signal-to-noise ratio (SNR) improvement is about 7.4 dB using a DRA, and in a DSF 
fiber the SNR improvement is about 6.6 dB. 

One way to think about the DRA is to consider it as canceling out the loss for 
a fraction of the fiber length. Therefore, the SNR improvement can be thought of 
in terms of an equivalent amplifier spacing. Take, for example, the case of the DSF 
fiber whereof the SNR improvement is about 6.6 dB at 580 mW of pump power. 
Figure 1.20 shows the excess noise factor in decibels versus amplifier spacing in 
kilometers [34], Assuming that the amplifier sites are spaced by 80 km, using a DRA 
gives the performance as if the discrete amplifiers were spaced between 35 to 38 km. 
Thus DRAs give an equivalent performance of much closer spaced amplifiers, giving 
a very attractive economic incentive for their use. 

1.3.1. Demonstrated Benefits of DRAs 

There are many examples from the literature that show the advantages of using DRAs 
in transmission systems. DRAs can be used to achieve longer amplifier spans or 
higher bit rates. These take advantage of the improvement in SNR. Alternately, DRAs 
can be used to achieve closer channel spacing or operation near the zero dispersion 
wavelength. These improvements take advantage of the reduction in nonlinear penalty 
by using DRAs. 
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Fig. 1.20. Excess noise factor versus amplifier spacing. A lumped amplifier is assumed with a 
0.2 dB/km fiber loss. The top curve is calculated for a postamplifier loss (PAL) of 3 dB, and 
the bottom curve is calculated for a PAL of 0 dB [34]. 



Several experiments have shown that longer amplifier spans can be used with 
the DRA. Elongation of optical repeater spacing is an important issue for terrestrial 
long-haul optically repeated transmission systems because it leads to a reduction in 
the number of repeaters and, consequently, a lower total system cost. DRA reduces 
the equivalent transmission fiber loss and, thus, improves the OSNR. Terahara and 
coworkers [35] employed a dual-band DRA technique to the C- and L-bands for the 
first time to long-haul WDM transmission systems. In particular, they transmitted 
1.28 Tb/s WDM signals over a 840 km standard single-mode fiber with a 140 km 
repeater spacing. In comparison, the typical amplifier spacing in a link is about 80 
km. The dual-band DRA effectively improves the OSNR by 3.7 dB in the C-band and 
by 4.3 dB in the L-band. 

Garrett et al. [36] also did a field demonstration of DRA with 3.8 dB Q- 
improvement for 5 x 120 km transmission compared with just using discrete EDFAs. 
They demonstrated a DRA in an 8 x 10 Gb/s WDM experiment with five 120 km 
spans incorporating 40 km of installed older-vintage fibers. At the optimum pump 
power level of 650 mW, the average channel (/-value was increased by 3.8 dB for a 
5 x 120 km system, and the number of 120 km spans with an error rate of 10 -9 was 
increased from 3 spans to 7 spans. 

As an example of higher bit rates achieved using DRAs, Nielsen et al. [37] experi- 
mentally show a 3.28 Tb/s (82 x 40 Gb/s NRZ) record aggregate capacity transmitted 
over 3 x 100 km of nonzero dispersion-shifted fiber. The system incorporates for the 
first time dual C- and L-band transmission and DRA in addition to the 40 Gb/s NRZ 
line rate. The 3.28 Tb/s capacity is comprised of forty 100 GHz spaced WDM chan- 
nels in the C-band and forty-two 100 GHz spaced WDM channels in the L-band. 
Bit error rates of less than 10“ 10 were obtained without the use of forward-error- 
correction (FEC) for all channels after transmission. The dispersion compensation 
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corresponds to precompensation and channel decorrelation at the transmitter side as 
well as postcompensation at the receiver side. The results demonstrate that multi- 
terabit transmission using 40 Gb/s channels is practical over the repeater spacings 
present in today’s networks. 

Several papers have also demonstrated the reduction in nonlinear penalty because 
of the lower signal levels required with DRAs. As an example of a hero experiment, 
Suzuki et al. [38] demonstrated 25 GHz spaced, 1 Tb/s (100 x 10 Gb/s), DWDM 
transmission with the high spectral efficiency of 0.4 bit/s/Hz in the C-band over a 320 
km (4 x 80 km) DSF. By employing DRA and polarization interleave multiplexing, 
four-wave mixing is suppressed in the C-band over DSF. Because operation is near 
the zero dispersion wavelength in DSF, no dispersion compensation is required. Thus, 
the reduction in nonlinear impairments permits super-dense channel spacing along 
with operation near the zero dispersion wavelength. 

1.3.2. Issues in Using DRAs 

DRAs typically use pump bands approximately 100 nm shorter in wavelength than 
the signal bands. For the C- and L-bands, this means that the pumps for DRA lie 
in the range of about 1430 to 1485 nm. However, pump bands must be at shorter 
wavelengths than any signal. Otherwise, the pumps will rob all of the energy of any 
shorter wavelength signals. Consequently, once the bandwidth exceeds approximately 
100 to 120 nm, the DRA can be inconsistent with further band expansion. Therefore 
the DRA should be used, preferably at the shorter wavelength bands in the fiber. 
Given a better SNR performance, DRAs are particularly useful when the fiber loss 
increases. For example, if a 200 nm wide window of the fiber is to be used, then 
discrete amplifiers can be used for the S-, C-, and L-bands, whereas shorter bands 
might use hybrid amplifiers with DRAs (c.f. Fig. 1.21). 




Fig. 1.21. Loss of different fiber types versus wavelength. If a 200 nm wide window of the 
fiber is to be used, then discrete amplifiers can be used for the S-, C-, and L-bands, whereas 
shorter bands might use hybrid amplifiers with DRAs. 
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As can be seen from the preceding examples, there are some key advantages of 
using DRAs. First is the improvement in noise figure over discrete amplifiers. Thus 
lower signal powers can be used, a higher loss can be tolerated, or a longer transmission 
distance can be used between regenerators. A second advantage is a more uniform gain 
along the length of the fiber. This gives rise to better SNR performance and reduced 
nonlinear penalty. It is also better for higher bit rates and soliton transmission. Finally, 
when used in conjunction with an EDFA, the complexity of typical inline amplifiers 
can be placed in the lumped EDFA. In other words, the DRA is just a low-noise 
preamplifier. The gain equalization, gain level correction, add/drop multiplexers, and 
dispersion compensation can all be placed at the midstage in the EDFA. 

There are also challenges in using DRAs. A first challenge is that the effective 
length is less than 40 km of fiber in a typical DRA. For any nonlinear effect, the 
effective length is set by the attenuation of the pump. For pump wavelengths that are 
around 1450 nm, the penetration of the pump is less than 40 km into the fiber. A second 
challenge of using DRAs is the high pump powers propagating in the transmission 
fiber. For example, the optimal noise figure requires about 580 mW for a DSF, or 
approximately 1.28 W in a standard single-mode fiber [33]. At these power levels, 
connectors are highly vulnerable to damage. 

In addition, there are issues associated with using DRAs in held deployment. For 
example, there is a higher sensitivity to spurious reflections. Moreover, there can be 
sensitivity to environmental and mechanical changes under the ground. 

Another potential issue in DRAs is the double Rayleigh scattering penalty. As 
an example, a comparison is made of a DRA and discrete Raman amplifier. If the 
same fiber is used in both amplifiers, then the DRA will have a higher DRS penalty. 
However, if the DRA is made in a typical transmission fiber and the discrete Raman 
amplifier is implemented in a DCF, then the penalty in the DRA may be less. In 
other words, the comparison of DRS penalty for a DRA versus a discrete Raman 
amplifier depends on the specific details of the amplifiers. First, a DRA is compared 
with a discrete Raman amplifier both of which are implemented in the same fiber. For 
example, Fig. 1.22(a) plots the effective Rayleigh reflection coefficient in dB versus 
the fiber length in kilometers for a DSF fiber. Different curves are plotted for no 
Raman pumps, 400 mW pump power, 600 mW pump power, and 800 mW of pump 
power. A typical discrete Raman amplifier will be less than 15 km in length, and a 
distributed Raman amplifier will be at least 40 km in length. Therefore, a DRA has a 
double Rayleigh scattering penalty as much as 25 dB higher than a discrete amplifier 
that is implemented in the same fiber type for the same pump power. 

On the other hand. Fig. 1 .22(b) compares the DRS penalty for a DRA in a standard 
single-mode fiber (SMF-28) and a discrete amplifier in DCF fiber (DK-40 is 6.5 
km long, and DK-80 is 13 km long). In particular, the effective Rayleigh reflection 
coefficient in dB is plotted versus pump-on/pump-off gain in dB. Because of the 
higher double Rayleigh scattering coefficient in the DCF, the DRS penalty is higher 
for a given gain level even though the fiber length is shorter. The simulations assume 
a pump at 1451 nm, where the loss is 0.29 dB/km for the standard single-mode fiber 
and 0.63 dB/km for the DCF. The signal is assumed to be at 1550 nm, where the fiber 
loss is 0.25 dB/km in the standard fiber and 0.49 dB/km in the DCF. The Raman gain 
coefficient between the simulated wavelengths is 1.62 dB/(W x km) for the standard 
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Fig. 1.22. (a) Effective Rayleigh reflection coefficient versus distributed Raman fiber length as 
calculated for a dispersion-shifted fiber. A discrete Raman amplifier is typically under 15 km, 
whereas a DRA is at least 40 km long. Curves are shown for no pump power (lowest curve), 400. 
600, and 800 mW (highest curve) of pump power; (b) Effective Rayleigh reflection coefficient 
versus pump-on/pump-off gain for a DRA implemented in standard single-mode fiber (SMF- 
28) and a discrete amplifier implemented in dispersion-compensating fiber (DK fiber). The 
length of the DK-40 is 6.5 km, and the length of the DK-80 is 13 km. 
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fiber and 13.5 dB/(W x km) in the DCF. The Rayleigh scattering coefficient at 1550 
nm is —42.3 dB/km for the standard fiber and —33.8 dB/km for the DCF. 

In summary, the power and double Rayleigh scattering limits may set some fun- 
damental limits on system applications of DR As. There are indeed many practical 
issues related to having an amplifier “stretched across the country.” Despite all of 
these challenges, DRAs are being used in almost every long-haul and ultra-long-haul 
transmission system because of the signal-to-noise ratio and nonlinear benefits. 



1.4. Discrete Raman Amplifiers 

Discrete Raman amplifiers refer to a lumped element that is inserted into the trans- 
mission line to provide gain. Unlike a DRA, all of the pump power is confined to the 
lumped element. For example, Fig. 1.23 shows the typical setup for a lumped Raman 
amplifier. In this particular case, counterpropagating pump power is confined within 
the unit by the use of isolators surrounding the amplifier. Compared with Fig. 1.14, 
no pump power enters the transmission line. Of course, a hybrid amplifier could be 
made that combines the lumped Raman amplifier with a DRA. 

The primary use for discrete Raman amplifiers is to open new wavelength bands in 
fused silica fibers. For example, different wavelength bands are illustrated in Fig. 1 .24 
[4]. EDFAs operate in the C-band, which stretches from 1530 to 1565 nm, and the 
L-band, which stretches from about 1565 to 1625 nm. There is also the S-band, 
which stretches from roughly 1430 to 1530 nm, which has at least as low a loss 
as the EDFA bands. Earlier transmission systems were deployed in the 1310 nm 
band, which can stretch between from 1280 and 1340 nm. There is also a 1400 nm 
band, which is only useful in new fibers that use special drying techniques to reduce 
the water peak absorption around 1390 nm. Thus Raman amplifiers can be used to 
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Fig. 1.23. Lumped or discrete Raman amplifiers have the pump power confined to the gain fiber 
in the amplifier box. Counterpropagating pump power is confined within the unit via isolators. 
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Fig. 1.24. Several windows exist within the low-loss valley of typical fused silica fibers. EDFAs 
provide gain in the C-band, and extended-band EDFAs can provide gain in the L-band. Raman 
amplifiers are the only fused-silica-based technology for opening up the S-band [4], Source: 
R.B. Rummer “Fiber Issues for Nontraditional Wavelength Bands” OFC Technical Digest, pg 
ThRl-1 (©2000 OS A) 



open up wavelengths between about 1280 and 1530 nm, a wavelength range that is 
inaccessible by EDFAs. 



1.4.1. Amplifiers for 1310 nm and 1400 nm Bands 

Some of the earliest work on discrete Raman amplifiers was done for the 1310 nm 
band and cable television applications. Such an amplifier could take advantage of 
high-power, directly modulated DFB lasers at 1310 nm as well as the low dispersion 
of the vast majority of installed fiber at that wavelength. A schematic illustration of 
the Raman ring amplifier design for analogue applications is depicted in Fig. 1.25 
[9]. Light from a neodymium cladding-pumped fiber laser at 1060 nm is injected 
into the upper half of the amplifier to pump two cascaded Raman lasers that lase 
between gratings at 1115 and 1175 nm. The interstage isolator is used to reduce the 
effects of multipath interference due to DRS within the amplifier. The use of strictly 
counterpropagating pump geometry prevents pump fluctuations from coupling to the 
signals. Output powers in excess of +23 dBm are generated while maintaining very 
good analogue signal performance (carrier-to-noise ratio CNR >49 dB, composite 
second-order CSO < —60 dBc, and a composite triple beat CTB < —68 dBc). 

As an example of the use of this amplifier, a repeaterless, WDM transmission 
system operating in the 1310 nm wavelength window was demonstrated by means of 
discrete Raman fiber amplifiers [39]. The Raman post- and preamplifiers both employ 
a two-stage ring topology, as described above. The power budget is 45. 1 dB, leaving 
a margin of 1.6 dB for a transmission distance of 141 km. The eight channels, ranging 
in wavelength between 1305.8 to 1311.6 nm, carry data at a rate of 10 Gb/s each. 
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Fig. 1.25. Ring cavity, analogue Raman amplifier for gain in the 1310 nm band. The counter- 
propagating amplifier corresponds to the lower part of the ring, and the upper part of the ring 
corresponds to a Raman oscillator and wavelength shifter [9], Source: A.J. Stentz, T. Nielsen, 
S.G. Grubb, T. A. Strasser and J.R. Pedrazzani “Raman Ring Amplifier at 1 .3 // m with Analog- 
Grade Performance and an Output Power of 23 dBm'’ OFC Technical Digest. Postconference 
Edition, pg PD-16 (©1996 OSA) 



This was the first WDM transmission experiment in the 1310 nm window utilizing 
Raman amplifiers. 

Despite this early work on amplifiers for the 1310 nm band, not much commercial 
activity has transpired since. There are a number of fundamental reasons that keep the 
1310 nm from being interesting for long-haul applications. First, the loss is too high. 
For example, the typical loss in the 1310 nm window is ~0.35 dB instead of ~0.2 dB 
in the 1550 nm window. The higher loss translates into shorter distance between 
regenerators. Second, the 1310 nm is of primary interest for standard single-mode 
fiber, but it is very difficult to use WDM near the zero dispersion wavelength of fibers. 
Hence, not too many channels can be opened up in the 1310 nm window. Third, the 
1310 nm window is relatively narrow compared to the wide 1550 nm valley. At best 
an additional 20 nm of bandwidth can be used in the 1310 nm window, and the loss 
rises very rapidly on the short wavelength side. 

Another window where research has been done on discrete Raman amplifiers is the 
1400 nm band. Srivastava and coworkers [40] have demonstrated transmission of four 
10 Gb/s channels at 1400 nm and sixteen 2.5 Gb/s channels in the 1550 nm window 
in so-called AllWave fiber, which has low loss and moderate chromatic dispersion in 
the 1400 nm region. The experimental setup, shown in Fig. 1.26, transmits the two 
wavelength bands over 80 km of AllWave fiber. Before this experiment, lightwave 
transmission had been demonstrated in four wavelength windows, 800 nm, 1310 nm, 
the C-band, and the L-band. With the new fiber type, this experiment opened up a 
fifth wavelength window, namely, the 1400 nm range. The AllWave fiber has a zero 
dispersion wavelength around 1310 nm, but special drying techniques are used in the 
preform to substantially reduce the water absorption peak at 1400 nm. Consequently, 
the loss of AllWave fiber in the 1400 nm window is about 0.3 dB/km, as compared to 
over 0.5 dB/km for conventional fiber. In addition, dispersion in the 1400 nm band is 
about 6-7 ps/nm-km, making AllWave fiber suitable for 10 Gb/s transmission over 
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Fig. 1.26. Experimental setup for two-band experiments involving four channels in the 1400 
nm band and 16 channels in the C-band [40], Source: A.K. Srivasta et al “High-Speed WDM 
Transmission in All Wave Fiber in Both 1.4 /i m and 1.5 [im Bands” OFC Technical Digest, 
pg PD2 (©1998 OS A) 

distances of up to 150 km without dispersion compensation. Unfortunately, this am- 
plification window is available for new installations that use the premium-cost fiber. 

In many of these early experiments, the Raman amplifiers were pumped by 
cladding-pumped fiber lasers followed by Raman oscillator wavelength shifters [41]. 
Cladding-pumped fiber lasers can generate nearly arbitrarily scalable output power 
in a single-mode fiber. Also, cladding-pumped fibers allow the coupling of light from 
high-power diode-laser arrays into a single-mode fiber while actually increasing the 
radiance or brightness of the light by three orders of magnitude because the light is 
made diffraction-limited. 

Efficient conversion of this pump light to wavelengths throughout the IR also re- 
quires low-loss cavities for resonant feedback, which are often in the form of cascaded 
Raman lasers (c.f., Fig. 1.27). Bragg gratings, written into the core of a single-mode 
fiber by exposure to UV light, can simultaneously provide high reflectivities and low 
out-of-band losses. The cavity comprises several hundred meters of germano-silicate 
fiber surrounded by highly reflecting Bragg gratings for each of the intermediate 
Stokes frequencies. The Raman cascade is then terminated by an output coupler grat- 
ing, with reflectivity around 20%, which extracts power at the desired wavelength. 
A high-gain Raman amplifier at any desired wavelength can be constructed by ter- 
minating a Raman laser one Stokes order short of where amplification is desired and 
then pumping a suitable gain fiber. 

germanosilicate fiber 

pump 




fiber laser input fiber Bragg gratings 



Fig. 1.27. Cascaded Raman oscillator created using low-loss cavities formed using fiber Bragg 
gratings [41], 
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1.4.2. Opening Up the S-Band Using Optical Amplifiers 

Of the new bands to be opened up, perhaps the most important is the S-band [12, 42]. 
The S-band has comparable or better attenuation characteristics in standard single- 
mode fibers than the L-band, and the S-band has far less sensitivity to attenuation 
caused by bending during cabling and installation than the L-band. In addition, the 
S-band has better dispersion characteristics in standard single-mode fiber than C- and 
L-bands. For example, the S-band has approximately 30% less dispersion than the L- 
band. One cautionary note is that the S-band is not very attractive for fibers that have 
a zero dispersion wavelength falling within the S-band. This is because near the zero 
dispersion wavelength four-wave mixing can easily be phase-matched. Figure 1.28 
shows, however, that only a few fibers fall into this category. 

Three technologies have been studied extensively in hopes of bringing to the lower 
wavelengths of the S-band the same cost-effective means of optical amplification that 
EDFAs provide for the C-band. Semiconductor optical amplifiers (SOAs), thulium- 
doped fiber amplifiers (TDFAs) utilizing either fluoride or multicomponent silicate 
(MCS) as the dopant host fiber, along with lumped or discrete Raman amplifiers 
(LRAs) have all been proposed as key enablers for opening up transmission through 
optical amplification for wavelengths shorter than the traditional 1530 to 1560 nm 
range of EDFAs. However, the lineages of these three methodologies differ as much 
as their capabilities. 

Various approaches for opening the S-band are detailed in Chapter 10. 




1400 1450 1500 1550 1600 



Wavelength (nm) 

Fig. 1.28. Dispersion versus wavelength for several commercial fiber types. Very few fiber 
types have a zero dispersion wavelength falling in the S-band, making them less suitable for 
the S-band due to four-wave mixing penalties. 
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1.5. Summary 

There has been revived interest in Raman amplification due to the availability of high 
pump powers and improvements in small core size fibers. Two general categories of 
Raman amplifiers are distributed Raman amplifiers and lumped or discrete Raman 
amplifiers. DRAs improve the noise figure and reduce the nonlinear penalty of the 
amplifier, allowing for longer amplifier spans, higher bit rates, closer channel spac- 
ings, and operation near the zero dispersion wavelength. DRAs are already becoming 
commonplace in most long-haul networks. 

Discrete Raman amplifiers are primarily used to increase the capacity of fiber- 
optic networks. Amplifiers have been demonstrated in the 1310 nm band, but this 
wavelength range suffers from higher loss and more nonlinear penalty in standard 
single-mode fibers. For fibers with less water absorption, Raman amplifiers can also 
be used in the 1400 nm band. The capacity of most fibers can almost be doubled by 
opening up the S-band, which is inaccessible by EDFAs. 

Raman amplifiers provide a simple single platform for long-haul and ultra-long- 
haul amplifier needs. Raman amplifiers are broadband and wavelength agnostic. Ra- 
man amplifiers can be distributed, lumped or discrete, or hybrid. Also, in Raman 
amplifiers the amplification and dispersion compensation can be combined in the 
same fiber length. For high channel count systems, as will be deployed in the next 
few years, Raman amplifiers’ efficiency actually exceeds even 1480 nm pumped C- 
band EDFAs. Consequently, Raman amplifiers should see a wide range of deployment 
in the next few years. 
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2.1. Introduction 

Raman scattering was discovered independently and almost simultaneously in 1928 
by groups in India and Russia [1, 2], If C.V. Raman had not published first we might 
know Raman scattering as the Landsberg-Mandelstam Effect. Raman was awarded 
the 1930 Nobel Prize for the discovery, which was not shared with the Russians. 
Neither group was actually looking for what we now know as the Raman effect 
[3]. Landsberg and Mandelstahm were looking for a small wavelength shift due to 
scattering from thermal fluctuations, now called “Brillouin scattering.” Raman was 
seeking an optical analogue of the Compton effect. It was quickly understood that 
Raman scattering is a shift in the frequency of scattered light due to interaction of 
the incident light with high-frequency vibrational modes of a transparent material. It 
was later pointed out that the correct interpretation had been predicted by A. Smekal 
in an obscure 1923 theoretical paper [4], 

Raman scattering quickly became an analytical tool for the study of vibrational 
modes of solids, liquids, and gases. Raman scattering is complementary to infrared 
absorption because modes that are strongly Raman active have weak infrared ab- 
sorption and vice versa. This point should become clear from the classical picture of 
Raman scattering presented in Section 2.3.1. Until the development of the argon-ion 
laser in 1966 most Raman studies used the ultraviolet, blue, or green spectral lines 
from low-pressure mercury arcs [5]. The use of laser sources led to a resurgence of 
interest in Raman scattering, which continues unabated [6]. 

Raman amplification was discovered by accident in 1 962 during early experiments 
with (2 -switched Ruby lasers. A <2-switched laser introduces cavity loss to allow the 
buildup of much higher population inversions and then switches off the loss to produce 
extremely high output powers. In those experiments, loss was introduced in the cavity 
using a polarizer and electric field-induced birefringence in a nitrobenzene cell. The 
surprising result was that an intense output appeared at the Raman-shifted wavelength 
of nitrobenzene [7]. 

This Raman-shifted laser output was explained by Hellwarth [8] as stimulated 
Raman scattering in which the Raman frequency is amplified due to a previously 
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neglected interaction between the Raman wave and the primary laser wavelength. 
The stimulated Raman effect was subsequently observed with various samples placed 
inside and outside the laser cavity [9]. 

Even in the earliest stages of investigation into fiber-optic communications there 
was concern about the potential influence of nonlinear interactions such as stimulated 
Raman scattering. It was realized that because nonlinear interactions depend on inter- 
action length as well as optical intensity, these might occur at extremely low powers 
in optical fibers [10]. Stimulated Raman scattering was first observed in one of the 
early Corning single-mode fibers [11]. In the same series of experiments, the Raman 
gain coefficient of a silica-core fiber was measured. These results were checked with 
spontaneous Raman cross-section measurements, which were calibrated against the 
known benzene standard. Out of these measurements came the concept of effective 
area that applies to almost all nonlinear effects in fibers [12], 

In its simplest form, the fiber Raman amplifier is an optically pumped optical 
amplifier in which an optical signal is amplified by the Raman interaction with a 
strong optical wave at higher frequency called a “pump.” The signal can be pumped 
in either direction. As the signal is tuned with respect to the pump frequency the gain is 
found to be maximum at a frequency separation of 13 THz between pump and signal. 
If the signal frequency is higher than the pump it will suffer nonlinear absorption 
rather than amplification. The actual gain curve is broad and closely matches the 
spontaneous Raman scattering spectrum of the glass. Spontaneous Raman scattering 
will also occur and is the noise in the Raman amplifier. A comparison of the Raman 
gain coefficient and spontaneous Raman scattering cross-section at room temperature 
(300K) is presented in Fig. 2.1. 



Raman Gain 




Fig. 2.1. Raman gain coefficient g(£2) and spontaneous Raman scattering cross section cr (£2) at 
room temperature for fused silica. £2 is the separation between the pump or exciting frequency 
and the signal or scattered frequency. 
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The Raman interaction can be treated in various ways, which can appear very 
different. The quantum approach treats the problem as a transition rate involving 
photon number. Classically this is a parametric amplifier with an interaction between 
signal, pump, and vibrational wave. Finally, the Raman interaction itself can be traced 
to a small time delay in the nonlinear refractive index. 



2.2. Quantum Approach to Raman Scattering 



2.2.1. Spontaneous Raman Scattering 



Despite the fact that the Raman effect was discovered accidentally, the correct inter- 
pretation appeared very quickly and is pictured schematically in Fig. 2.2. An incident 
photon of frequency t’o is scattered by a molecule exciting one quantum of vibrational 
energy and producing a downshifted scattered photon of frequency vy = i>o — £2. If 
the molecule already has vibrational energy the incident photon can absorb a quantum 
of vibrational energy producing an upshifted photon of frequency va = v o + £2. Both 
downshifted and upshifted frequencies are observed and called Stokes and anti-Stokes 
spectral lines. 

The scattering process is often described in terms of energy levels where a 
molecule initially in vibrational state “1” is excited to vibrational state “2” by the 
virtual absorption of a photon of frequency i’o and emission of a photon at frequency 
t’.y. The process is illustrated in Fig. 2.3, where energy levels r are electronic states 
of the molecule of energy higher than the incident photon energy. The transition rate 
Ws for excitation of the molecule from the “1" vibrational level to one quantum of 
excitation is: 



Ws oc 




M2, -Mi r 
V r 1 - I’o 



M2rMh-\ 

— ; — E ° 
V r \+v s ) 



( 2 . 1 ) 



In (2.1) M\ r is a matrix element between the ground state and one of the electronic 
levels r and Mi r is the matrix element between the electronic state and the excited 





Fig. 2.2. Scattering diagrams for Stokes and anti-Stokes Raman scattering. A Stokes photon is 
produced by the absorption of an incident photon and the simultaneous creation of one quantum 
of vibrational energy. An anti-Stokes photon is produced by the absorption of one quantum of 
vibrational energy. 
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Fig. 2.3. An energy level diagram representing 
the quantum theory of Raman Stokes scatter- 
ing. The initial vibrational state is “1” and one 
quantum of vibrational excitation is “2". Energy 
levels “r” are a complete set of electronic en- 
ergy levels. 



state “2”. The energy levels of the electronic states are hv r \, h v r 2 , . . . , Eq is the 
amplitude of the incident field at t>o, and h is Planck’s constant [13]. 

Equation (2.1) describes one quantum of excitation of a molecule initially at rest. 
Usually the molecule is in thermal equilibrium with its surroundings which increases 
the transition rate by the Bose-Einstein thermal population factor Nq. The population 
factor is given in Eq. (2.2) where is the Boltzmann factor, T is the temperature in 
degrees Kelvin, and Q is the vibrational frequency [14]. 



1 

Nn ~ e hSi/k B T _ [ ' 



(2.2) 



Thermal excitation of the vibrations can produce anti-Stokes scattering. Transition 
rates for Stokes scattering will be proportional to (1 + Nq) and Nq for anti-Stokes 
scattering. 



Ws oc iVo(l + Nq) Stokes (2.3a) 

Wa oc NqNq anti-Stokes. (2.3b) 

A'o is the incident photon number that is proportional to Eq 1 2 ■ The ratio of anti- 
Stokes to Stokes intensities is exp (—h£2/ ksT). At elevated temperature the anti- 
Stokes scattered intensity approaches the Stokes intensity. As T approaches zero the 
anti-Stokes scattering vanishes leaving only the Stokes line. 

2.2.2. Stimulated Raman Scattering 

To explain stimulated Raman scattering, Hellwarth showed that the transition rate for 
Stokes scattering also depends on the Stokes photon number as well as the population 
factor of the vibrational mode [8]. Because the Stokes transition rate is proportional 
to the change per unit time of the Stokes photon number (2.3a) becomes: 

dN s 

-^^SNqU + Nq + Ns), (2.4) 

dt 

where S is a rate constant. The inclusion of the factor Ns shows that the Stokes wave 
will be amplified in the laser cavity. Generation of Stokes photons increases the Stokes 
photon number, which increases the rate at which Stokes photons are generated. 
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The amplification part of (2.4) can be converted to gain per unit length G by 
dividing the rate constant S by the velocity of light at the Stokes frequency c/ns 
where n is the refractive index at vs . 



d Ns 
dz 



= GN S 



G = 



nsSNo 



c 



(2.5) 



When the gain per unit length exceeds the cavity losses lasing will occur at the Stokes 
wavelength. 



2.2.3. Raman Amplification and Stimulated Scattering in Fibers 



Stimulated Raman scattering is also observed in fibers and in samples placed outside 
a laser cavity where there are no mirrors to provide feedback. In this single-pass 
configuration, spontaneous scattered Stokes light is amplified to produce a stimulated 
Raman output. The procedure first used by R.G. Smith to calculate a stimulated Ra- 
man threshold or critical power in a fiber is illustrated in Fig. 2.4 [10]. The fiber is 
divided into segments of length dz ■ In each segment the Stokes power increases by 
spontaneous scattering in the segment and amplification of the Stokes power from all 
previous segments. There is no input at the Stokes frequency; all the Stokes output is 
from amplified spontaneous emission. 



dN s = dzG(l + Ns)Pb/A ef f. (2.6) 



Ns is the Stokes photon number in the fiber mode per unit frequency bandwidth; G is 
the gain coefficient, Po the pump power, and A e ff the effective area. To bring out the 
essential features, loss has been neglected. This can be included by replacing the fiber 
length L with an effective length, which is derived in Appendix A2.3. The thermal 
occupation number of the vibrational mode is also neglected. This contribution is 
small at the peak of the Raman gain curve near 13 THz. Integration over the length 
L gives a net Stokes output of 

N s (L) = [l - e~ GPoL/Ae ^ e GPoL,Ae ff. (2.7) 

The quantity in the brackets is an effective input power Ns (noise) which for reasonably 
large amplifications becomes 1 .0. Thus the spontaneous scattering along the fiber has 
been reduced to an effective input of one photon per mode at the Stokes frequency. 

The total Stokes power is then an integral over all frequencies and a threshold 
or critical power is defined where the Stokes power equals the pump power. The 
condition for a critical power becomes: 



GPo(crit)L 

A eff 



16. 



( 2 . 8 ) 



Some of the details of Smith’s calculation of a critical power are contained in Appendix 
A2.4. 
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< Spont. Raman - dP s 

Amplify dP s from 1, add spont. Raman 

Amplify and add spont. Raman 

Fig. 2.4. To calculate amplified spontaneous scattering the fiber is divided into short segments. 
The total noise power at the Raman Stokes frequency is the sum of the amplified spontaneous 
scattering from each segment. 



Here our primary interest is in Raman gain and its associated noise for appli- 
cation in fiber Raman amplifiers. If there is a Stokes signal input Ns(0 ) the signal 
amplification and amplified noise will be: 

N S (L) = [N s ( 0) + IVy (noise)] e GP ° L/Ae ff. (2.9) 

The power over frequency bandwidth An is: 

P s = hv s AvN s , (2.10) 

so Eq. (2.9) becomes: 

P S (L) = [Py(0) + hvsAvNs (noise) ] e GP ° L/A ‘^. (2.11) 

If the loss at the signal and pump wavelengths is included Eq. (2.11) becomes: 

P S (L) = [Py( 0) + Py (noise)] e GP ° L ^IA e f f e~^ L , (2.12) 

where a s and a p are the loss coefficients of the signal and pump wavelengths. The 
effective length is: 

1 _ e ~<*pL 

Leff= . (2.13) 

Up 

Note that for large a p L the effective length becomes the absorption length 1 /cc p . For 
short fibers L e ff is the actual length. 



2.3. Classical Picture 

2.3.1. Placzek Model of Spontaneous Raman Scattering 

The Placzek model treats spontaneous Raman scattering as amplitude modulation, 
which produces upper and lower sidebands in the scattered light [14, 15]. A Raman 
active molecule (or mode) vibrates and the electronic polarizability changes at the 
vibration frequency. The polarizable electronic cloud of the molecule is driven at 
the optical frequency of the pump. The induced dipole oscillates mostly at the pump 
frequency but has picked up weak upper and lower sidebands spaced by the molecular 
vibration frequency (Fig. 2.5). 
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Fig. 2.5. (a j Incident optical field at frequency vo on diatomic molecule of vibrational amplitude 
Q and frequency £2q'’ (b) variation in nuclear separation changes the electronic polarizability 
which modulates the scattered dipole radiation. Upper and lower sidebands are produced. 



The induced dipole moment V of the molecule becomes: 

V — pE( 2 nvQt) — [/6o + (dfi/dQ)Qo cos(2jrQo f )] Eq cos(2jtvoO 

Qo (2.1-4) 

V — PqEq cos (2tt v^t ) + (3/1/3 Q) Eq [cos 2tt ( vo + Qo) + cos 2jt(vo — Qo)], 

where p is the molecular polarizability, vo and Qo are the frequencies of the pump 
and the molecular vibration, and Eq and Qo are the amplitudes of the pump field 
and molecular vibration as pictured in Fig. 2.5(a). The induced dipole radiates at 
the pump, Stokes, and anti-Stokes frequencies. Radiation at the pump frequency is 
Rayleigh scattering. The electric field at the Stokes scattered frequency is proportional 
to the second derivative of V so the Stokes-scattered power will be proportional to 
i>j. The v 4 factor also applies to Rayleigh scattering. 

The ratio of radiated power at the Stokes frequency to the pump power is called 
the scattering cross-section and is given by 

aoc^oc v 4 (n 0 /n s )(dp/dQ) 2 Q 2 0 . (2.15) 

"o 

In Eq. (2.15) various constants have been ignored in order to concentrate on the 
term 9/3/9 <2 . This factor links the spontaneous Raman scattering cross-section and 
the Raman gain coefficient, no an d n s are refractive indices at the pump and Stokes 
wavelengths. 

The spontaneous Raman scattering cross-section a increases with temperature by 
the factor 1 + Nq, as given in Eqs. (2.2) and (2.3a). Nq is proportional to gg where 
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Fig. 2.6. (a) Two vibrational modes of a triatomic molecule. Mode A is infrared active but the 
polarizability will change at twice the vibrational frequency. Mode B will be Raman active but 
there will be no dipole moment at the vibrational frequency; (b) the broad Raman bands of 
glasses are made up of the incoherent addition of many weakly Raman-active localized modes. 



Q o is the thermal amplitude of the molecular vibration. According to the Placzek 
model, Stokes and anti-Stokes powers should be equal even if the only molecular 
motion comes from zero-point fluctuations at T — OK. Actually there is an asymme- 
try between the Stokes and anti-Stokes powers and the anti-Stokes scattered power 
vanishes as the sample temperature approaches T — OK whereas the Stokes power 
does not. This asymmetry can be explained by including the effect of Raman gain as 
discussed further in Section 2.4.3. 

Considerations based on molecular symmetry illustrate why 3/1/3 Q is small for 
molecular modes with large infrared absorptions. This is illustrated for a triatomic 
molecule in Fig. 2.6(a). When the incident frequency matches the vibrational fre- 
quency of Mode A the induced dipole moment will be large leading to a large IR 
absorption. There will be no dipole moment produced from the motion of mode B. 
On the other hand, the symmetry of mode A shows that any change in polarizabil- 
ity from Mode A will occur at twice the vibrational frequency so there will be no 
first-order Raman scattering. Mode B will have a large Raman cross-section. 

The structure of glass is a random network in which the normal modes are fairly 
localized and act as independent harmonic oscillators spread over a broad frequency 
range [16]. These modes are weakly Raman active and their incoherent addition 
produces the broad Raman spectra observed in glasses (Fig. 2.6(b)). 



2.3.2. Raman Amplification 



The basic features of Raman amplification in a fiber can be seen by considering two 
copropagating waves separated in frequency by the frequency of a Raman active 
vibrational mode. 



dP\ 

dz 



= G i 



Pi 

Aeff 



Pi -ai Pi 



dP 2 

dz 



= G 2 



Pi 

^eff 



P2 — Ot 2^2- 



(2.16) 
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The Raman interaction transfers power from P 2 to P \ . P\ and P 2 are the powers 
of waves at frequencies v\ and v 2 , where V 2 > V\. P\ and Pi are functions of the 
propagation distance z; u\ and u 2 are absorption coefficients at iq and i> 2 - 

In a Raman amplifier Pi becomes the pump and P\ is the signal where P 2 / J i • 
We have treated copropagating waves but there will also be Raman gain for coun- 
terpropagating waves. The counterpropagating configuration is preferred for system 
applications because pump fluctuations are averaged out. If the signal is at a higher 
frequency than the pump it will be absorbed rather than amplified. This is referred to 
as Raman absorption or the inverse Raman effect [17]. 

The derivation of Eq. (2.16) is outlined in Appendix A2.1 and is based on the 
Placzek model. The essential feature is that E\ and Ei_ mix to drive the vibrational 
mode to an amplitude Qq ~ {dfi/dQ)E\E 2 . 

If there are N modes per unit volume the polarization V\ at iq will be: 

Vx oc N(d/3/dQ)E 2 Q 0 oc JV0j8/3 Q) 2 E 2 E X , (2.17) 

where the polarization comes from Eq. (2.14) substituting v\ and v 2 for v s and vo. 
The polarization at iq adds to the incoming field E \ leading to a gain coefficient: 

G\ oc vi(dp/dQ) 2 P 2 / A eff . (2.18) 

The polarization in Eq. (2.17) leads to an amplification linear in pump intensity which 
becomes the power/effective area in a fiber. The gain coefficient in (2.18) brings out 
several points. The first deals with the frequency factor. The negative gain for E 2 
will be proportional to v 2 . Because v 2 > iq the power absorbed from P 2 will be 
greater than the power gained by Pi . The difference is power lost to the vibrational 
mode and dissipated in the glass. The second point is that the gain coefficient is 
linked to the spontaneous cross-section of (2.15) by the term (d/3/dQ) 2 . This is 
how the relation between Raman gain and spontaneous Raman cross-section can be 
derived. That relation is derived in a simpler way in Section 2.3.3. The third point is 
to note that the gain does not contain the thermal amplitude of the vibrational mode, 
which appears in the spontaneous cross-section. The spontaneous cross-section is 
temperature-dependent but the gain coefficient does not depend on temperature. In 
relating the gain to the spontaneous cross-section it is necessary to divide out the 
temperature-dependence of the cross-section. 

The radial dependence of the electric field in the fiber has been swallowed up in 
a normalized integral over the mode fields, which has the dimensions of area. The 
effective area A e ff is derived in Appendix A2.2. 

I \l/ 2 rdrd0 I rdrdQ 

A e ff — j — ■ (2.19) 

/ \lf 2 \ls%rdrd0 

2.3.3. Correspondence between Quantum and Classical Treatments 
of Raman Amplification 

Both classical and quantum treatments of Raman amplification in a fiber break the 
fiber into small segments and add the amplified signal and the amplified spontaneous 
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scattered light from the entire fiber. Figure 2.4 illustrates a fiber with N sections of 
length SL with input pump power Pi and input signal power P\ . The incremental 
increase in P\ in segment i is given in Eqs. (2.20a,b) for the classical and quantum 
treatments [18]. 



dPi(i) = Gi-^-PiSL + rjarPo — SL (2.20a) 

A eff c 

dNi(i) = Gi^-(Ni + l+N a )SL (2.20b) 

A eff 

P\(i ) = hv\ AvN[(i). (2.20c) 

In the classical treatment of (2.20a) the second part is the spontaneous scattered 
power. The total scattered power in a frequency bandwidth An is the total scattering 
cross-section Qj at frequency v\ times P 2 at segment i. The capture fraction i] is the 
fraction of scattered power captured by the guide in the forward direction. The hist 
part of (2.20a) is amplification of P\ which contains amplified input power of Pi up 
to segment i plus the sum of the amplified spontaneous emission. 

The quantum approach treats the change in photon number at v\ in segment i . The 
power P\ is related to photon number by (2.20c). In (2.20b) the factor 1 + Nq is the 
spontaneous scattering and corresponds to aj of (2.20a). Nq is the phonon thermal 
occupation number that goes to zero at T — OK. 

The simplest way to obtain the relation between Raman gain and the spontaneous 
Raman cross-section is to utilize the requirement that the classical and quantum 
approaches should produce the same result. In the limit where the input P\ — 0 and the 
gain is negligible the spontaneous scattered power out of the fiber at frequency iq is the 
sum of the spontaneous scattered power from all the segments. Here we neglect loss. 

P\L) = r\a T PiL Nv I c (2.21a) 

P\(L) = hv l GiP 2 L{l+NQ)Av/A eff , (2.21b) 

where (2.21a) is the classical result and (2.21b) is the quantum result. The photon 
number has been converted to power using (2.20c). 

The relation between gain and cross-section comes from equating (2.21a) and (b) 
with two additional considerations. The first is that the cross-section usually used is 
a (0), the Raman cross section for forward (0°) scattering per unit solid angle per unit 
frequency in units of cm -1 , ay and er( 0) are related by 

ay = 8jrer(0)/3. (2.22) 

Polarized Raman scattering follows the same angular dependence as dipole radia- 
tion so a (6) =cr( 0) cos 2 (9). The Raman spectrum is highly polarized in the high-gain 
region between 3 and 15 THz. Some of the issues related to the polarization depen- 
dence of Raman gain are discussed in Sections 2.6. 1 and 2.6.3. 

The second consideration is that the capture fraction is related to the effective 
area. The ratio of capture fraction to effective area can be derived by examining the 
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fraction of incoherent spontaneous Raman light captured by the fiber [18]. The result 
is the same for the capture fraction of Rayleigh scattered light [19]. 

r]A e ff = 3k 2 s /%nn 2 s . (2.23) 

In (2.23) Xs is the Stokes scattered wavelength and ns is the refractive index at X$- 
The expression for the Raman gain coefficient in terms of the spontaneous Raman 
scattering cross-section comes from combining (2.21) and (2.23). 

cr(0)A 3 

G (cm/ W) = ^ . (2.24) 

' c 2 hn 2 (l + N n ) 

The spontaneous cross-section a (0) varies with wavelength as 1 /X 4 S and with temper- 
ature as 1 + Nq which was discussed in Section 2.2. 1 . Thus the Raman gain coefficient 
is temperature independent and varies with wavelength as 1 /Xs. 



2.4. Noise in Fiber Raman Amplifiers 

2.4.1. Fundamental 3 dB Noise Limit of a Raman Amplifier 

An optical preamplifier increases the signal power so that receiver noise becomes 
negligible and the dominant noise is that contributed by the amplifier. The resultant 
signal-to-noise ratio (SNR) is within a few dB of the SNR of an ideal Shott noise 
limited amplifier [20]. For a discrete ideal optical amplifier the difference between 
the amplified SNR and the ideal Shott noise limit is 3 dB. For a distributed Raman 
amplifier the noise factor can even be negative. 

The noise in a fiber Raman amplifier is the amplified spontaneous scattering. 
Although Smith’s treatment of Raman gain was designed to calculate a critical power 
for stimulated Raman scattering it has proved useful for most treatments of Raman 
amplifier noise [21]. Within the Smith treatment one can find the 3 dB noise limit of 
the ideal Raman amplifier, the disappearance of the 3 dB excess noise as the amplifier 
gain goes to zero, and a noise factor greater than 3 dB at elevated temperatures. 
Rewriting Eq. (2.11), the sum of the amplified signal and noise powers from the 
Raman amplifier, we obtain: 

Ps(L) — Popt = Ps + Pn 

= [F 5 (0) + P N me GsPpL/Aeff , (2.25) 

where Ps and Py are the signal and noise powers out of the amplifier. Ps(0) is the 
signal into the amplifier, //y (0) is a fictitious input power into an ideal noise-free 
amplifier, and Pp is the pump power. 

The 3 dB noise figure of an ideal optical amplifier refers to a decrease by a factor 
of two in the ratio of electrical signal and noise powers after detection of the amplified 
optical signal by a noise-free detector [20]. The detected current I is proportional to 
the total optical power Popt , 

I = RPqpt oc ( E s + E n ) 2 , 



(2.26) 
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where E$ and are the signal and noise electric fields and R is the detector respon- 
sivity. The detected current will contain a signal current and two noise terms 
~2E$En and E . The noise terms are called the signal-spontaneous beat noise and 
the spontaneous-spontaneous beat noise. Usually the signal power is large enough 
that the signal-spontaneous term is dominant. The spontaneous-spontaneous beat 
noise is also reduced with an optical filter ahead of the detector. 

The electrical signal power is I 2 Rl into a load resistor R[ . The noise power is 
< (/ — Is) 2 > Rl and < > indicates an average over time. The signal-to-noise ratio is: 



SNR — 



< (I - Is) 2 



4 P S P N ' 



(2.27) 



Both the numerator and denominator of (2.27) contain the amplification factor 
exp(2 G $PpL / A e ff). The expression for the SNR then contains the signal power 
Ps( 0) input to the amplifier and the effective input noise from Eq. (2.11). In the ideal 
limit where Ns =1.0 the SNR becomes 

B 5 (0) 

SNR= (2.28) 

4hvs Avb 

where Nvg is the bandwidth of an electrical filter following the detector. This SNR 
is compared to the SNR of an ideal shot noise limited detector, 

P s ( 0) 

SNR( shot limit) = (2.29) 

2IivsAvb 

The factor of two difference between Eqs. (2.28) and (2.29) is the 3 dB excess noise 
of the ideal discrete Raman amplifier. 

The 3 dB excess noise disappears when the amplifier gain goes to zero as would 
happen when the pump is turned off. This can be seen from the term in brackets of 
Eq. (2.7). When the pump power vanishes there is no spontaneous Raman power and 
no gain. 



2.4.2. Noise Figure of a Raman Amplifier 



Raman amplifiers are often said to have a negative noise figure. This can happen 
because of the way noise figure is defined when the transmission fiber is used as the 
Raman amplifier; a discrete Raman amplifier will have a positive noise figure, which 
is greater than 3 dB. 

A discrete fiber Raman amplifier at the output end of a fiber transmission system 
is illustrated schematically in Fig. 2.7(a). The noise figure in dB can be defined as 
minus the log of the ratio of the SNR after the amplifier to the SNR that would be 
obtained using a fictitious ideal shot noise limited detector. 



NF = -10 log 



S'AiR(amp) 
SNR( shot limit) 



(2.30) 



Using (2.28) and (2.29) the noise figure is 101og(2) or 3 dB. The excess noise of 
the discrete Raman amplifier will actually be greater than 3 dB because of the ther- 
mal excitation of the vibrational modes. This is the factor No that was included in 
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(a) 




(b) 

Fig. 2.7. (a) Signal power along the fiber for a discrete fiber Raman amplifier placed at the end 
of a transmission fiber; (b) signal power along the fiber in which the transmission fiber is a 
backwards-pumped Raman amplifier. 



Eq. (2.20b) but omitted for simplicity in (2. 1 1 ). Inclusion of the population factor Nq 
(see Eq. (2.2)) modifies the noise factor. 

NF = 101og[2(l + Nq)]. (2.31) 



This is a small effect near the Raman gain peak at 13.2 THz. Here Nq is 0. 138 and the 
excess noise becomes 3.6 dB. The effect is much larger at smaller frequency shifts. 
For example, at 3 THz, Nq — 1 .62 and the excess noise becomes 7.2 dB instead of 
the ideal 3 dB. 

When the transmission fiber is used as a backwards-pumped Raman amplifier 
the signal will reach a minimum and then rise again because of the amplification as 
pictured in Fig. 2.7(b). By comparison with the discrete Raman amplifier we identify 
the signal minimum as the input to the Raman amplifier. The SNR in the limit where 
Nq = 0 is given by Eq (2.28) except the signal power becomes the power at the signal 
minimum Ps(—La )• 



WVR = 



Ps(-La) 
41ivsAvb ' 



(2.32) 



where La is the distance from the minimum to the output end. The noise figure for this 
configuration is obtained from the ratio of (2.32) to the SNR of the detected output 
signal without amplification using an ideal shot noise limited detector. 



NF = 10 log 2Ps[L) = 101og(2e~^ LA ), (2.33) 

Ps(-La) 

where Ps(L) is the signal output power in the absence of amplification and Ps(L) 
and Ps(—La ) are related by the loss at the signal wavelength cv y. The distance from 
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the output end to the signal minimum is easily found because at this point the gain 
from Raman amplification equals the fiber loss at the signal wavelength. 

a s = G s ^^-e-°‘ sLA , (2.34) 

A eff 

where g$ is the Raman gain coefficient, Pp(L) is the pump power introduced at the 
signal output end, and the losses at the pump and signal wavelengths are assumed to 
be the same. The noise figure becomes 



NF= 10 log 



2 as \ 

GsPp(L)/ A e ff ) 



— 3.0 — lOlog 



/ Gsffcm 

V a S A eff ) 



(2.35) 



This noise figure will be negative for typical Raman gains. For example, a fiber with a 
loss of 0.22 dB/km at a signal wavelength of 1550 nm and an effective area of 50/zirr 
is pumped with 500 mW at 1450 nm. The gain coefficient will be approximately 
4 x 10~ 14 m/W so the noise figure from (2.35) becomes —6 dB. Note that the loss in 
(2.35) is in units of km -1 , not dB/km. For this example, the signal minimum will be 
40.7 km from the output end of the transmission fiber. 

If the loss at the pump and signal wavelengths differ Eq. (2.35) becomes 



u$ ( GsPp(L)\ 

NF = 10 log[2(l + N a )]~— 10 log f . (2.36) 

a P \ ag A ef f ) 

In Eq. (2.36) the thermal occupation number /Vo has also been included. If the pump 
loss is 0.3 dB/km the noise figure from (2.36) becomes —3 dB. The distance La 
becomes 30.0 km. 

The above derivation for the noise figure applies only in the limit where the Raman 
gain is significantly larger than the fiber loss at the output end. In the limit of large 
gain, the result of (2.35) does agree with a more complete analysis based on the Smith 
model for counterpropagating waves [22]. 



2.4.3. Two- Component Model of Spontaneous Raman Scattering 

Spontaneous Raman scattering can be thought of as arising from two sources. The 
first is the modulation of input light by vibrational modes as described by the Placzek 
model. The second is Raman amplification of zero-point fluctuations of the electro- 
magnetic field of the vacuum, which provides an effective input field. Inclusion of 
electromagnetic zero-point fluctuations is known as stochastic electrodynamics [23]. 

The modulation and amplification contributions to the Stokes scattered power are 
equal at a temperature of OK. This two-component model explains the asymmetry 
between Stokes and anti-Stokes scattering because the upper modulation sideband at 
T — OK is canceled by anti-Stokes absorption as pictured in Fig. 2.8 [24], Thermal 
excitation of the vibrational modes produces anti-Stokes scattering and increases the 
Stokes scattered intensity but the asymmetry remains. 
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Fig. 2.8. Addition of Raman Stokes gain and “Placzek” Stokes sideband and cancellation of 
anti-Stokes absorption and anti-Stokes sideband at T — OK (From [24]). 



The noise power in a fiber Raman amplifier is modeled by adding the spontaneous 
scattering along the fiber and converting the result to an effective input power am- 
plified by a noise-free amplifier. This effective input power is hv per unit frequency 
interval. In the two-component model half of this effective input power at T — OK 
comes from the zero-point background and half from zero-point fluctuations of the 
Raman-active medium. In most treatments of spontaneous Raman scattering, ampli- 
fied zero-point fluctuations are combined with modulation by vibrational modes so 
all the scattering appears to come directly from the medium. 



2.5. Time Domain Picture of Raman Gain 

2.5.1. Phenomenological Model 

Raman gain is often treated by transforming the wave equation to the frequency 
domain and introducing a complex frequency-dependent third-order susceptibility 
X'+/ X "[25], 

V(v l )= 4 ^( X ; + iX3)EjE l . (2.37) 

c 

The imaginary part, X 3 is proportional to the Raman gain coefficient and the real 
part, X 3 produces an intensity-dependent phase shift so that X 3 is proportional to an 
intensity-dependent contribution to the refractive index. 

^ = AxsI^At + A 3 \E 2 \ 2 E l . (2.38) 

The primary contribution to the nonlinear index comes from electronic process but 
the Raman interaction also contributes about 20% of the nonlinear index. 

In the time domain, a high-intensity optical pulse perturbs the electronic structure 
of a molecule or of a transparent solid and results in an intensity-dependent change 
in the polarizability. This is the electronic contribution to the nonlinear refractive 
index which occurs on a time scale shorter than the shortest optical pulses and can be 
considered to be instantaneous. However, the optically induced perturbation of the 
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electronic structure also perturbs the field seen by the nuclei. The nuclei then move, 
which produces a change in the polarizability as discussed in the Placzek model of 
Section 2.3. The nuclear contribution to the change in polarizability has a time delay 
related to the oscillation frequency of the vibrational mode. It is this time delay that 
leads to both a real and an imaginary contribution to the nonlinear index. 

2.5.2. Raman Response Function 

The Raman contribution to the nonlinear index is described by a convolution of the 
intensity of an optical pulse with a response function fit — t ') [26]. 

N 2 \u(f)\ 2 = N2 0 o\u(t)\ 2 + N 2 R T dt'\u(t')\ 2 f(t-t'), (2.39) 

J — OO 

where \u(t)\ 2 is the intensity of the pulse and N 200 and N 2 R are the electronic and 
Raman contributions to the nonlinear index. 

The Raman response function for a silica-core fiber is shown in Fig. 2.9. The 
response function is basically a decaying sinusoidal oscillation. The oscillation period 
corresponds to the frequency of the peak of the Raman gain spectrum and the decay 
rate corresponds to the width of the gain spectrum. The response function is made up 
of the contributions of many localized modes. 

Equation (2.39) shows that the effective nonlinearity will change with optical 
pulsewidth. Pulses much shorter than the vibrational period see only the electronic 




Fig. 2.9. Raman response function of fused silica. This was calculated using only the parallel 
gain. 
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nonlinearity. Pulses long on the scale of the response function see the sum of the 
electronic and Raman contributions to the nonlinear index. For pulses longer than 
about 100 fs N 2 becomes A 200 + N 2 r [27], 

The Fourier transform of the Raman response function is a complex susceptibility 
N 2 (£l) which is proportional to X 3 . 

nOO 

A^ 2 (^) = N!, + iN '2 — N 2 R / f(t — t') exp[('27r£2(f — t')]d(t — t'). (2.40) 

J 0 

An optical wave made up of a strong V 2 and a weak vi, where V 2 — v\ falls within the 
Raman gain bandwidth, will produce a strong imaginary A^. The imaginary part of 
N 2 is just the Raman gain coefficient for the signal at i>] . 

2.6. Raman Gain Coefficients 

2.6.1. Raman Gain Spectrum 

Raman gain measurements in both silica-core and Ge-doped fibers look very much 
like the fused silica Raman gain spectrum shown in Fig. 2.10. This gain spectrum 
is a composite of measurements by several different authors of spontaneous Raman 
scattering in bulk silica samples and silica-core fibers [28] . The two curves are for scat- 
tering of light polarized parallel and perpendicular to the polarization of the exciting 
light. The spontaneous spectrum differs from the gain spectrum by the Bose-Einstein 
population factor Nq, + 1 as discussed earlier. 

An absolute value of the gain coefficient of silica can be obtained from an early 
measurement using a pump at 526 nm. A peak gain of 1.86 x 10 “ 11 cm/W was ob- 
tained in a fiber short enough to maintain linear polarization; the results agreed with 
bulk spontaneous scattering measurements in fused silica [12]. Using a linear depen- 
dence of the gain coefficient leads to a convenient gain coefficient of approximately 




Frequency Shift (THz) 



Fig. 2.10. Parallel and perpendicular Raman gain coefficients of fused silica as compiled from 
several measurements of Raman gain and spontaneous Raman scattering. 





52 



R.H. Stolen 



1.0 x 10“ 11 cm/W for a Stokes wavelength of 1.0 micron. It is convenient to approx- 
imate the Stokes frequency with the pump frequency but this will exaggerate the gain 
coefficient by a few percent. 

From Eq. (2.24) the Raman gain coefficient is expected to increase linearly with 
Stokes frequency. The frequency dependence of the gain might be slightly greater 
than linear because the polarizability of the ions in the glass increases slightly with 
frequency. This increase in polarizability leads to the frequency dependence of both 
the linear and nonlinear refractive indices. So far, there is no strong evidence for a 
frequency dependence greater than linear. However, an argument for an additional 
factor in the frequency dependence of the gain is included as Appendix A2.5. 



2.6.2. Germanium Doping 



Germanium doping raises the Raman gain coefficient. The effect is small in standard 
fibers, which contain about 4 mole % GeCF but can raise the gain by about 50% in 
dispersion-shifted fibers. The gain is more than doubled in dispersion-compensating 
fibers. A careful series of measurements has been reported for spontaneous Raman 
scattering versus Ge02 concentration in a Ge-doped MCVD preform [29]. The max- 
imum increase is at a shift of 430 cm - 1 where 20 mole % Ge02 raises the gain by 
a factor of 2.6 over pure silica glass. For shifts less than 200 cm -1 the increase is 
approximately a factor of 2. 

In a fiber the mode field penetrates into the cladding so the effective Raman gain 
coefficient will be some average over the doping profile, which will be less than the 
increase in gain from the maximum at the core center. The proper way to include 
the increase in Raman gain from Ge-doping is to include it in the calculation of the 
overlap integral. The separation of the gain coefficient and the effective area can be 
maintained by defining an effective gain coefficient: 



/ 4r^g(r)^rdrd6 
8 e ^ f xl/f^rdrdO 



(2.41) 



2.6.3. Polarization Dependence of Raman Gain 

Raman gain is a maximum if both pump and signal wave have the same polarization 
state. Over the range of 3 to 15 THz the gain is almost zero for orthogonal polarization 
states. This applies to orthogonal elliptical polarizations as well as for linear polar- 
izations. In ordinary fibers, the state of polarization varies along the fiber. For some 
initial distance, both pump and signal waves experience the same variation in polar- 
ization state but eventually, because their wavelengths differ, the relative polarization 
states will be completely random. Thus for short fibers, Raman gain is the same as 
for parallel linear polarizations and for long fibers the average gain falls to half the 
maximum gain. The distance over which the gain decreases is not where linear po- 
larization is lost, but rather the distance in which pump and signal polarizations get 
out of step. This polarization length L p depends inversely on frequency separation 
and on fiber birefringence [30]. 
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This polarization length may be particularly important in low PMD fibers. For exam- 
ple, the polarization length will be 2 km in a low PMD fiber with effective birefrin- 
gence of 10 -8 for a wavelength difference between pump and signal of 100 nm in the 
1500 nm wavelength range. At 10 nm pump-signal separation the polarization length 
is 20 km, which is the nonlinear effective length for typical fibers in this wavelength 
range. This means that for Raman interaction between dense WDM channels the gain 
should often be the polarized gain. 

For frequency shifts 0 to 3 THz bulk Raman studies show that the gain is de- 
polarized with the perpendicular gain about one third of the parallel gain. This low 
frequency regime is of concern for Raman interactions of channels in dense WDM 
systems The details of Raman gain in this regime are not well understood although 
a reasonable approximation is to add the parallel and perpendicular gains and divide 
by two for random polarization states. Note that a measurement of perpendicular 
and parallel Raman gains in a silica-core polarization-maintaining fiber found a ratio 
of perpendicular to parallel gains of 45%. The discrepancy between bulk and fiber 
measurements is not understood [31]. 

2.6.4. The Search for Other Raman Glasses 

There has been investigation of glasses with higher intrinsic Raman gain [32]. Heavy 
metal oxide glasses have Raman gain coefficients more than 30 times that of silica. It 
appears, however, that the loss in these glasses will increase faster than the gain [33]. 
A potential candidate for a high-Raman gain fiber would use a pure Ge02 core to 
achieve a gain coefficient about 9 times that of silica [29, 33], Raman gain has also 
been seen in liquid-filled hollow-core fibers. The very first observation of a fiber 
nonlinearity was in a CS 2 -filled fiber Raman laser [34], 

Certain dopants incorporated into silica produce large Stokes frequency shifts in 
fiber Raman lasers. Phosphorus doping leads to a line at 1330 cm -1 [35] and H 2 or D 2 
in the glass produces lines with extremely large shifts of 4139 and 2975 cm -1 [36], 



Appendix A2.1. Derivation of Raman Gain 



The derivation for Raman gain starts with the wave equation in the plane wave approx- 
imation. For simplicity we choose a medium with N independent molecules per unit 
volume. Because of the Raman interaction there is a contribution to the macroscopic 
polarization V that is the sum of the induced dipole moments of the molecules p. 



V 2 E = 



1 d 2 D 
c 2 dt 2 



D = sE — sqE + 47 rNp 
P = (dp/dQ)QE , 



(A2.1) 



where dji/dQ is the change in molecular polarizability with mode amplitude Q. Q 
will depend on the amplitude of optical fields £1 and Ej. 
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The wave equation becomes 



d 2 E d 2 E 
dz 2 ° dt 2 



4tcN 

— 0 / 3/3 Q) 

r z. 



d 2 (QE) 
dt 2 



(A2.2) 



The field E contains two waves E\ and E 2 propagating in the z direction with fre- 
quencies vi and V 2 with V 2 > v\. 



gy — £+ e '( Innt-Kiz) _|_ Invtf-Kxz) 

E 2 = E+e i( - 2nv 2, - K2z) + E~e- i( - 27tV2, - K2Z \ (A2.3) 

The amplitude of the molecular vibration is: 

Q = Q + e i2n + Q~e~ i2nQ ‘ t . (A2.4) 

If we concentrate on the term E + , matching frequencies requires that 

2iKi d ^ L e- iKlz = ^-(dp/dQ)(2nv l ) 2 Q-E+e- ilC2Z . (A2.5) 

dz c- 

In (A2.5) d 2 E/dt 2 is neglected. 

The amplitude Q is driven by mixing E\ and £ 2 - To obtain Q~ as a function 
of E 1 and E 2 we follow the approach presented by Shen and Bloembergen in an 
early treatment of stimulated Raman scattering [37], A single molecule has kinetic 
energy T = (dQ/dt) 2 /2, potential energy V — An 2 Or / 2, and an interaction energy 
U — p.E. From Eq. (A2.1) U — (d/3/dQ)QE 2 . The Lagrangian L becomes 



1 

L=T-V+U=- 

2 




2 

-2n 2 &Q 2 + (dp/d Q)QE 2 . 



(A2.6) 



The addition of a damping term rdQ/dt leads to an equation of motion for a driven 
damped harmonic oscillator. 

9 2 Q dQ 2 2 

+ (2tc£}q) 2 Q = (dfi/dQ)E 2 . (A2.7) 



The term needed in (A2.5) is Q which, at the peak of the response (£2 = £2 q) is: 

Q - = W/BQ)EjEt 

27rr^ 0 

From Eq. (A2.5) the amplification of E+ from N molecules per unit volume is 
given by: 

dE+ 2nN{dfi/dQ) 2 v\ I7+I7 _ J7+ 
dz nicVQo 2 2 1 

= gl E+E~E+, (A2.9) 

where the gain coefficient gi is seen to be proportional to the frequency vj and 
(d/3/dQ) 2 . In cgs units E+ E ^ is related to the optical intensity of V 2 by 



INTENSITY(y 2 ) = —E+E~. 

47 r z “ 



(A2.10) 
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Appendix A2.2. The Effective Area 



In a fiber the field amplitudes E\ and E 2 are functions of radial distance as well 
as z. Instead of dealing directly with this radial variation of electric field it is more 
convenient to set up the gain in terms of optical powers and an effective area. The 
radial variation of the electric field in a fiber is given by the fiber mode amplitude. 
An essential feature of fiber nonlinear optics is that the nonlinear term is so small that 
the waveguide modes do not change with optical intensity. 

E] = a 1 (z)^i(r, (9) 

E 2 =a 2 (z)ih(r,e). (A2.ll) 



Equation (A2.9) becomes 

=g|a^«2~IV f 2 fl i~ 1 /T- (A 2 . 12 ) 

To get the equation in terms of optical powers it is useful to define a new field 
amplitude F that is the square root of the power. 

q TIC 9 9 

\F\ 2 ^P=—\a\ 2 {xlr 2 } 

57 T 

poo p2n 

{^2}= / / ^ 2 (r,e)rdrd0. (A2.13) 

Jo Jo 

Both sides of Eq. (A2.12) are multiplied by \jr\ and integrated over r and 0. After 
substitution of P 2 for |^ 2 1 2 using (A2.13) the gain equation becomes 



d Ft 9 47T 99 _i_ 

= SP2{irlir 2 }F+ , 
dz nc 

which can be rewritten in terms of Pi, G, A e tf. 

dP\ 4jrgi P 2 Pi 

— - = — — — —Pi = G\ — —Pi 

dz HC A e ff A e ff 

_ \ f \ 

eff 



(A2.14) 



(A2.15) 



An accurate value of A e ff requires mode fields at both vj and v 2 although using the 
mode field at some intermediate wavelengths is often sufficient. Here \j/\ and \Jr 2 have 
been assumed to be the fundamental LPq\ mode although the effective area applies 
to any pair of fiber modes. 



Appendix A2.3. The Effective Length 

Loss has not been included in the various equations for Raman amplification in order 
to bring out some of the essential features. Obviously loss is important in fiber Raman 
amplifiers and that loss can be different at the pump and signal wavelength. The loss at 
the pump wavelength is included by replacing the actual fiber length with an effective 
length as shown in Eq. (2.13). 
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The differential increase in signal power at some distance z along the fiber will be: 
dPs(z ) = Ps(z)GsPpdz - asPs(z)dz. (A2.16) 



In (A2. 16) we have used only the gain part of Eq. (2.20) and subtracted the differential 
loss at the signal frequency. The pump power decreases along the fiber because of 
scattering and absorption loss. In the limit of a strong pump and a weak signal, the frac- 
tion of pump power converted to signal is negligible so Pp(z) = Pp( 0) exp(— apz), 
where Pp( 0) is the pump power at the fiber input. 



dPs 

~Ps 




P p (0)e- a P z 

A eff 



~ OisPs 



dz. 



Integrating from 0 to L gives: 



ln[R s (L)//> s (0)] = 



GsPA 0 ) 

A eff 



-\-e~oipL- 

ap 



- otsL , 



(A2.17) 



(A2.18) 



so that the general expression for the signal output power with loss at the pump and 
signal is: 

P s (L) = P s (0)e GsPp< - 0)/A 'ff L ‘ff e - a s L . (A2.19) 

If pump and signal are of comparable magnitude it is necessary to use the coupled 
equations (2.16). 



Appendix A2.4. Stimulated Raman Threshold Power 



A threshold or critical power can be obtained by using Eq. (2.7) which gives the 
number of photons in a given Stokes mode [10]. The term in the brackets approaches 
1.0 for the large gains required to observe stimulated Raman scattering. The power 
of one photon per mode per unit frequency is hv where v is the frequency in Hz. 
The total Stokes power after length L is then the integral over the entire Raman gain 
curve. 

pOO 

P S (L)= / hv s dve G(v P~ Vs)P P Le ff IAe ff. (A2.20) 

Jo 

The Raman gain curve is approximated with a Lorentzian function where Vo is 
the frequency of the gain peak yo, and Ai> is the full width half maximum of the 
gain curve. The exponent will turn out to be large so frequencies near vo make the 
dominant contribution to the integral and two terms of a series expansion of the 
Lorentzian function will be sufficient. 



G(v P - v s ) = 



Yo 



i+f^V 

V Av/2 ) 



: Yo 



1- 



/ v- vq \ 2 

V Ay/2 / ' 



(A2.21) 
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With these approximations, the Stokes output power becomes 



Jn Av r 

P{L) =~7B' 



G = yo Pp (0) 



-eff 

V/ 



(A2.22) 



A threshold or critical power is defined as the power for which the Stokes power 
has grown to equal the pump power. One has to imagine that more pump power is 
supplied along the fiber to make up for the depletion from Raman conversion. With 
this definition, the critical power becomes: 



G 3 c /2 e Gc = ^-hv s y 0 AvL e ff/A e ff. (A2.23) 

Gc varies only slowly with fiber parameters and typically falls in the range 15 to 17. 
It has been shown that this threshold condition also applies when pump depletion is 
included except that the Stokes power equals the actual pump power rather than the 
input power [38]. 



Appendix A2.5. Additional Wavelength Dependence 
of Raman Gain 



The dominant factor in the wavelength dependence of Raman gain is the linear fre- 
quency term in Eq. (2.18). There could also be a small decrease in gain with wave- 
length because of the frequency dependence of the polarizability p. p increases with 
frequency because of the electronic transitions in the ultraviolet and is the source of 
the increase in refractive index with optical frequency. There is also a small increase 
in nonlinear index with frequency [39]. 

A rough estimate of the magnitude of this contribution to the wavelength depen- 
dence of the Raman gain coefficient can be made by making the assumption that 
dP/dQ increases linearly with ft. The gain coefficient is proportional to (dp/dQ) 2 
so a linear relationship between (dp/dQ) and p would result in a relation between 
( dp/dQ ) and the refractive index n [40], 



s — n 2 + 1 + 4itV — 1 + AnNP 

dp n 2 - 1 

— ~£= , 

dQ 4 ttN 



(A2.24) 



where s is the dielectric constant far from electronic transitions, V is the macroscopic 
polarizability, and N is the number of molecules. The Raman gain g then would be 
expected to vary with refractive index n as 



„ (dp/dQ) 2 (n 2 - l) 2 
G oc r oc r 



(A2.25) 
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This is not a large effect. If we calculate n using standard Sellmeier coefficients [20], it 
amounts to about 4% between 500 and 1000 nm and 2% between 1000 and 1500 nm. 
Including this factor will further reduce the gain coefficient from a linear extrapolation 
of the 526 nm measurement. In Eq. (A2.25) the factor of n 2 from Eq. (2.24) was 
included and the difference between n$ and n p was neglected. 
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Chapter 3 



Time-Division-Multiplexing of Pump Wavelengths 

A.R. Grant and L.F. Mollenauer 



3.1. Introduction 

The potential of stimulated Raman scattering to turn transmission fiber spans into their 
own, distributed, low-noise amplifiers has been recognized and generally understood 
for several decades [1, 2]. Indeed, before the erbium-doped fiber amplifier became 
available in the late 1980s, the Raman effect provided just about the only practical 
form of optical gain for fiber transmission, and was used in the first successful long- 
haul demonstrations [3]. Nevertheless, for early all-optical transmission systems, 
which tended to involve just one, or at most a handful, of WDM channels, the lumped 
erbium-doped fiber amplifier became the technology of choice, largely on the issue 
of the required pump powers. That is, when the total signal power was at most a few 
mW, there was little incentive to incur the trouble and expense of the hundreds of 
mW of pump power required for Raman amplification, when a very simple erbium 
fiber amplifier, pumped with just a few tens of mW, could provide the necessary 
narrowband gain. Thus the issue of pump power tended to completely overshadow the 
nearly contemporaneous understanding that distributed Raman amplification could 
provide for greatly reduced growth of ASE noise, especially in the context of the long 
(80 to 100 km) amplifier spans typical for terrestrial systems [4]. With the more recent 
advent of dense WDM and its demands for flat gain over wide bandwidths and greatly 
increased net signal power, however, the erbium fiber amplifiers rapidly became very 
complex, and began to require pump powers little different from those required for 
Raman gain! The consequent commercial development of high-powered, 1480 nm 
diode lasers (easily generalized to 14XX nm) tended to remove the principal obstacle 
to the use of Raman gain. Thus Raman amplification is now being rediscovered, not 
only for its superior noise performance, but equally for the ease with which it enables 
the establishment and maintenance of flat gain over the wide bands of dense WDM. 

The typical broadband Raman amplifier consists of several high-power, CW, diode 
pump lasers, either grating stabilized or free running, which are then wavelength- 
division- and/or polarization-multiplexed together [5, 6]. Isolators are typically 
located within the nest of WDMs to reduce feedback to the pump lasers. Some pro- 
vision is also made for depolarizing the pump power in order to reduce polarization- 
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dependent gain. The combined lasers are then coupled with another WDM into the 
fiber span, where the signal is then amplified. 

There are a few drawbacks to that typical arrangement. In the first place, four- 
wave-mixing between the pumps can generate significant noise components in the 
signal wavelength band. Second, and equally important, Raman interaction allows 
the longer wavelength pumps to extract energy from the shorter wavelength pumps. 
The resultant reduced penetration of the shorter pump wavelengths can then seriously 
reduce the effective amplifier length and increase the ASE noise growth for the shorter 
wavelength signal channels. The energy exchange among the pump wavelengths also 
tends to seriously skew the required relative laser pump powers, especially at high 
gain levels. 

An alternate approach that avoids these problems is to time-division-multiplex 
the various pump wavelengths, either by sequentially switching on and off a dis- 
crete set of pump lasers, or by electronically sweeping the wavelength of a single 
laser [7], Such pump TDM eliminates both the four-wave-mixing and the Raman 
interaction between the different pump wavelengths in an obvious way. The tech- 
nique works, however, only with backward Raman pumping (i.e., where the pump 
and signal are counterpropagating); in that case, the net signal gain is determined 
only by the time-average values of the pump powers, whenever the spatial period of 
the pump pulse sequence is much less than the effective amplifier length. Because 
Raman gain extends about 20 km into most transmission fibers, a pump pulse period 
of ~0.2 km, corresponding to a switching rate of ~1 MHz, is more than sufficient to 
thoroughly average the pump power. Electronic components for switching at these 
speeds are widely available and inexpensive. For forward pumping (pump and signal 
copropagating), however, the required averaging could be obtained at much higher 
(and generally impractical) switching speeds, inasmuch as the only walk-off between 
pump and signal is then just the very small value due to dispersion. 

TDM Raman pumping does tend to introduce a new set of problems, however. 
First, the higher gain for signal propagating in the backward direction leads to a 
larger backward spontaneous Raman noise level; Rayleigh scattering of that backward 
propagating noise can then significantly increase the forward noise level under high 
gain conditions. Second, double-Rayleigh backscattering of the forward propagating 
signal, a potential source of noise, also increases due to the higher gain in the backward 
direction. As shown in later sections, however, at typical gain levels, the increased 
noise from these two effects tends to be small. 



3.2. TDM Raman Pumping Schemes 

The most basic implementation of pump TDM, shown in Fig. 3.1, is the above- 
mentioned sequential pulsing of a series of discrete high-power laser diodes, which we 
hence refer to as DTDM Raman pumping. Each laser is pulsed for an appropriate rela- 
tive amount of time to achieve the necessary power distribution, once again, at a repeti- 
tion rate of only ~ 1 MHz, and the pump wavelengths are combined optically just as de- 
scribed earlier for CW pumping [7, 8], The total time-averaged pump power summed 
over all lasers has to be approximately the same for TDM and CW pumping, in order 
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Fig. 3.1. Generalized schematic of a technique for time-division-multiplexing a set of discrete 
pump lasers. 



to achieve the same gain level; note that this is not specific to DTDM Raman pumping 
but is true of any method of TDM Raman pumping. To achieve broadband gain of 15 
dB in a typical transmission fiber span of 55 // nr core area requires about 800 mW 
into the fiber with CW pumping. Thus the peak power requirement from each laser in a 
TDM pumping scheme is then also about 800 mW in order to achieve the same ( 1 5 dB) 
of gain. Pump laser modules with this power level are now becoming available. 

We have recently performed an experiment using four high-power laser diode 
modules to demonstrate that useful gain levels can now be achieved with such DTDM. 
A schematic of the experimental setup is shown in Fig. 3.2 . Each pump module, ob- 
tained from Princeton Lightwave Inc., contains two grating-stabilized laser diodes 




Fig. 3.2. Experimental setup for realizing DTDM Raman pumping. 







64 



A.R. Grant and L.F. Mollenauer 



producing a combined power in excess of 800 mW. The four wavelengths are multi- 
plexed with a combination of polarization beam combiners and WDMs, and an isolator 
is located after the WDMs to reduce feedback to the laser diodes. A depolarizer made 
from two pieces of PM fiber, one twice the length of the other and spliced together 
with optic axes at 45 degrees, is located after the isolator. The two-piece depolarizer 
is necessary because the WDMs are not polarization maintaining. Isolators are also 
located at the signal input and output to protect the signal source and reduce back- 
ward propagating noise. Taps are used to monitor the pump and signal propagating in 
both the forward and backward directions. The fiber span is made from two types of 
nonzero dispersion-shifted fiber, 12.8 km with zero dispersion wavelength Ao = 1450 
nm and 67.44 km with Ao = 1400 nm, and the pumps are launched into the fiber piece 
with An = 1450. The dispersion and effective area of both fiber types are 4 ps/nm-km 
and 55/xm 2 , respectively. 

The on-off Raman gain over the combined C+L-band is shown in Fig. 3.3; note 
that an average gain of 13 dB is achieved over a bandwidth of 100 nm. The large gain 
ripple at short wavelengths results from nonideal wavelengths for the two shortest 
wavelength pumps. 

The time-dependence of the power launched into the fiber from each pump laser is 
shown in Fig. 3.4 . Note that very little ripple is seen in the output power of the lasers. 
Nevertheless, there is some temporal overlap of wavelengths in adjacent time slots 
due to a slow electronic drive response time, which is limited mostly by inductance 
in the wire leads to the pump modules. Keeping the wire leads as short as possible 
in order to minimize the inductance also helps reduce ringing in the circuit when the 
laser is switched on and off. Excessive ringing in the drive circuit can reverse-bias 
the laser diode, causing serious damage to it. 




Fig. 3.3. Measured on-off Raman gain of four time-division-multiplexed pump lasers. 
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Fig. 3.4. Time-dependence of the power from each pump laser, as measured with a 50 MHz 
bandwidth detector. 




Fig. 3.5. Generalized schematic of TDM Raman pumping using a fast tunable laser followed by 
a high-power amplifier. The desired pump distribution is obtained by varying the wavelength 
sweep rate. 



A more elegant approach to TDM Raman pumping is shown in Fig. 3.5. This 
technique [7], which we have named “SMART” Raman pumping, uses a single rapidly 
and widely tunable source (either a tunable laser alone, or such a laser followed by a 
broadband high-power amplifier). The tuning speed of the laser wavelength (at many 
tens of nm/gs) is then varied with wavelength in order to obtain the required pump 
power weighting. As we detail later, the SMART pump allows, at least in principle, 
for exquisitely precise and dynamically adjustable control of the profile of gain versus 
wavelength. 

As with the DTDM pump, the SMART pump’s output should be depolarized 
to minimize polarization-dependent gain. This can be achieved by first splitting the 
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output from the tunable laser between two amplifiers, and then introducing a slight 
time delay between the outputs from the two amplifiers before recombining them with 
a polarization beam combiner. Using two amplifiers instead of one also relaxes the 
power requirement for each amplifier. When only a single pump power amplifier is 
used with a SMART pump, the output can be effectively depolarized with a length of 
PM fiber, whose principal axis is spliced at 45 degrees to the initial axis of polarization. 

Unfortunately, however, to date the SMART pump remains an essentially hypo- 
thetical device, because of the fact that the high-powered source, rapidly tunable over 
the required wide bandwidth, does not yet exist. On the other hand, the electronics 
necessary for control of a SMART Raman pump, basically equivalent to an arbi- 
trary waveform generator with a bandwidth greater than 50 MHz, have already been 
successfully demonstrated in the laboratory, and in reasonably compact form. 

One attempt has been made to make a SMART Raman pump using a commercially 
available fast tunable laser [9, 10]. Unfortunately, however, the bandwidth of the 
tunable laser was insufficient to make a reasonable test of the gain- flattening potential 
of such a device. The currently available tunable lasers, designed for use as signal 
sources, are optimized for extreme wavelength stability, narrow linewidth, and high 
side-mode suppression. For the SMART pump, however, those characteristics are not 
particularly important, and could easily be sacrificed in favor of the high bandwidth 
and facile rapid tuning that it requires. 



3.3. Gain Flatness 

The first difficulty with any multiwavelength Raman pumping scheme, whether CW, 
DTDM, or SMART pump, lies in calculating the pump wavelengths and launch 
powers, or in more generic terms, the launch power distribution, required for a given 
gain profile. Several groups have presented techniques for calculating the optimum 
pump wavelengths for a small set of discrete pumps [11-14, 6], and an algorithm has 
also been created for the continuum limit [15]. In general, any of these techniques will 
work for both CW and TDM Raman pumping, but a technique that directly calculates 
the necessary path-average Raman pump power is the most convenient. 

The equations describing the Raman interaction between the pumps and signal in 
fiber are 



dS(v,x) 

dx 

3 F(y, x) 
dx 

3 B(y, x) 
dx 



[G(v, x) — a(v)]S(v, x) 


(3.1) 


[G(v, x) — a(v)]F(v, x) 


(3.2) 


— [G(v, x) — a(v)]B(u, x), 


(3.3) 



where S(v, x), F ( v , x), B{v, x) are, respectively, the signal, forward pump, and back- 
ward pump powers in both polarization modes, and a (v) is the (frequency-dependent) 
fiber loss coefficient. The noise term, not shown, can be ignored as long as pump 
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depletion due to the noise is negligible (as is usually the case). Here the pump and 
signal are in nonoverlapping wavelength bands and have been split into separate 
equations for simplicity. The function G(v. x ) represents both gain and depletion due 
to the Raman interaction and is given by 

G(v,x) = / R(v — v)[S(t>, x) + B(v, x) + F(v, x)] dv (3.4) 

Mv) J 



with the Raman coefficient R given by 



R( A>0) = 



R(A)A(v p ) 
[v p ~ A] 



(3.5) 



where R is the typical Raman coefficient with units AV-km, R(— A) = —R( A), v p 
is the center frequency of the pump, and A(v p ) is the fiber effective area at v p . An 
approximation of the fiber effective area has been made where 



A(y) + A(v) — A(v)[2 + C[v — v]]. (3.6) 



The factor C is a constant describing the wavelength-dependence of the effective area. 
This approximation greatly simplifies the evaluation of G(v, x), but it breaks down 
when the effective area varies by a large amount over the signal and pump bands. 

Integrating Eq. (3 . 1 ) from 0 to L produces an equation that relates the path-average 
signal powers to the path-average pump powers. 

f Sbv, L)1 vL f - 

ln T7 — m + a(v)L=— — / R(v-v)[S a . vg (v) + B !lvg (v) + F^giv^dv. 
|_S(v, 0)J A(v) J 

(3.7) 

The net signal gain is given by the first term on the left-hand side of the equation. 
The net gain is now a function of just the fiber loss a, the fiber length L, and the 
path-average powers S a vg , B av g , -F avg . Note that the path-average signal power is a 
predetermined quantity in a transmission system designed for optimal performance. 
The most time-consuming part of the calculation, propagation of the variables down 
the fiber, is now separate from the optimization part. 

A further simplification is made by transforming from a continuum of wavelengths 
to a set of discrete pumps. When needed, a continuum is later approximated with a 
large set of discrete pumps. Each discrete pump has a center frequency given by v,- 
and a path-averaged lineshape given by x[r (v — \>, ) . There is no longer any distinction 
between forward and backward pumps, so instead, these two terms are lumped into 
a single term called P av g. Incorporating these changes into Eq. (3.7) and defining a 
new Raman coefficient R yields the very useful equation: 

R(v - v)S avg ( v) dv = ^2 p iR( v > ~ v ) (3-8) 




where 



R(8)= / R(8)xlr(8-A)d8. 



(3.9) 
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The first two terms on the left-hand side of Eq. (3.8) are the net gain and fiber loss. 
The third term is the gain and depletion due to Raman interactions within the signal 
band alone. This term can be surprisingly large. Using a typical path-average signal 
power over the combined C+L-band, a more than 1 dB variation is generated across 
the signal band from this Raman interaction among the signals. 

The final term on the right-hand side of Eq. (3.8) is the on-off Raman gain from 
the pumps. What remains to be determined are the path-average pump powers and 
frequencies that minimize the deviation from the desired gain profile. Given a set 
of pump frequencies, the optimum powers are quickly calculated, because Eq. (3.8) 
is a linear function of the pump powers [15, 16]. When only a few pumps are to 
be used, picking the optimum wavelengths is the most difficult part, because the 
Raman coefficient is a complicated function of wavelength. In the continuum limit, a 
large number of pumps can be evenly distributed across a band of wavelengths, thus 
eliminating the need to pick optimum pump wavelengths. 

The next step after calculating optimal pump wavelengths and path-average pump 
powers is to calculate the fiber launch powers. This is done with an iterative loop, 
where in each loop, the pumps and signals are propagated down the fiber, during which 
the path-average is calculated. After calculating the path-average for a particular input 
power, that quantity is compared to the optimum path- average and a new launch power 
determined. The cycle is repeated until the desired accuracy is achieved. This process 
can take several hours to accurately integrate the propagation equations and to iterate 
a sufficient number of times. Nevertheless, for CW pumping, this entire process must 
be carried out to properly account for the pump-to-pump Raman interaction. 

On the other hand, for TDM pumping, the following very good approximation 
eliminates the need for this lengthy calculation. 



Pavg(v) \-e~ a ^ L 

g = , (3.10) 

Pq(v) aeff(v) L 

where R avg is the path average power, Pq is the launch power, and a e ff is an effective 
fiber loss equal to the actual fiber loss at the pump wavelength plus the average loss 
due to depletion by the signal. 



a eff (t') —oi(v) + 



— [ 

All:) J 



R(v — v)S'avg(u) dv. 



(3.11) 



The pump depletion needs to be taken into account more carefully through simulation 
when the depletion is large, although this is not the case for typical values of the gain 
and signal power. 

Using approximate mathematical forms of the Raman coefficient to speed up the 
calculations does not always capture the important structure necessary for accuracy. 
Thus all the optimum combinations of pump powers and frequencies reported here 
were calculated using the experimentally measured values for the Raman gain and 
fiber loss shown in Figs. 3.6 and 3.7, respectively. The Raman gain coefficient is a 
complicated function of the frequency shift between pump and signal, although the 
basic shape of the Raman coefficient is fairly constant from one fiber type to another. 
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Fig. 3.6. The measured Raman gain coefficient for nonzero dispersion-shifted fiber [17, 15]. 
The effective core area is 55 gnr. The coefficient was not measured for small shifts. (©2002 
IEEE). 




Fig. 3.7. The measured fiber loss rate of nonzero dispersion-shifted fiber [15] (©2002 IEEE). 
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Thus, when appropriately scaled for effective fiber core area, the above curves tend 
to be universal. 

Any practical system will require some gain feedback to optimize the gain leveling 
in order to compensate for changes in signal loading and different types of fiber in the 
initial setup. Gain control and feedback in a transmission system using DTDM Raman 
pumping or SMART pumping requires less computation than with CW pumping. 
Using Eq. (3.8), which relates the gain to the path-average pump powers, corrections 
to the path-average pump powers are quickly calculated from the necessary gain 
correction. But converting that change in path-average power to a change in launch 
power requires lengthy computation with C W pumping, whereas with TDM pumping, 
the change in launch power is simply in direct proportion to the change in path-average 
power. Also, the CW calculation requires knowledge of the current pump powers, 
whereas with TDM pumping those numbers are not required, and as such, the final 
results are less dependent upon the accuracy of the calculation. 

We now show several examples of how very well the just-described algorithm 
works for calculating optimal combinations of pump wavelengths and powers to 
produce the flattest possible gain. First, Fig. 3.8 shows the computed path-average 
pump powers and resultant gain for the case of four pumps with a gain bandwidth 
of 8 THz, corresponding to the combined C+L-band. (Note that the path-average 
pump powers reported here apply equally well for CW and TDM pumping, whereas 
the input pump powers are different for those two cases.) Each pump laser in the 
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Fig. 3.8. Calculated path-average power and associated Raman gain for a four-wavelength 
Raman pump configuration. The gain region extends over the combined C+L-band [15] (©2002 
IEEE). 
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calculation has a Lorentzian lineshape with a FWHM of 0.5 THz (~3.6 nm). Most 
of the gain is derived from the longest wavelength laser, because its gain bandwidth 
extends over the entire signal bandwidth; the remaining lasers just fill in where the gain 
from the longest wavelength laser falls off. Note also that the gain ripple is uniformly 
distributed across the signal band and that the number of ripple peaks matches the 
number of pumps, as might be expected with a small number of pumps. Finally, note 
that the gain spectrum falls off quickly outside the desired gain region. This fall-off 
is important in a long-haul system, as it prevents the buildup of ASE which can then 
deplete the pumps and thereby modify the gain level and profile. 

Next we show two examples calculated in the limit of a pump continuum, as 
would be appropriate for a SMART pump. The continuum is approximated using 50 
pumps spaced 0.24 THz apart with linewidths of 0.6 THz. The best results are more 
or less universally obtained when the pump bandwidth is at least 3 THz wider than 
the signal bandwidth; below that pump bandwidth, the gain tends to drop off near the 
edges of the signal band. 

Figures 3.9 and 3.10 show, respectively, the path-average pump powers and gain 
spectra for a 3 THz wide signal bandwidth obtained with a 6 THz pump band and 
an 8 THz gain bandwidth obtained with a 12 THz pump bandwidth. For a better ap- 
preciation of the extremely flat gains obtained, the top of the gain curve of Fig. 3.10 
is shown expanded in Fig. 3.11; note that the gain ripple here is less than 0.002 dB! 
Also note that the path-average pump powers in each case have a similar structure, 
viz., a large peak at low frequency (long wavelength), followed by a narrow dip and 
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Fig. 3.9. Calculated path-average power and net gain in the limit of a pump continuum [15]. 
The signal band extends over 3 THz and the pump band over 6 THz (©2002 IEEE). 
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then an extended region with low power and significant structure. We also note that in 
other, similar, calculations we have been able to show that just about any reasonably 
smooth gain curve that may be desired, such as gain with a linear or curved tilt, can 
also be as easily achieved as the very flat gains shown here. One important aspect that 
we have not yet fully explored, however, is the minimum characteristic linewidth of 
a gain peak or other anomaly that can be compensated using a SMART Raman pump. 

Calculation of the pump wavelength tuning with time for a SMART Raman pump 
configuration is possible once the launch power distribution is known. First the line- 
shape of the pump laser must be deconvolved from the desired launch power spectrum. 
The time versus wavelength is then calculated using the relation 

f x L{ A) 

fW = r / (3.12) 

A min Pl( A) 

Then switching the dependent and independent variable, t( A.) =>■ a wavelength 

versus time trace is determined. Here r is the period in time over which the wavelength 
is scanned, P/( A) is the output power of the laser, and L(A) is the desired launch power 
at wavelength A. The wavelength versus time shown in Fig. 3.12 is that producing 
the path-average power shown in Fig. 3.10; here we have assumed a constant output 
power with wavelength and a pump linewidth much less than the tuning bandwidth. 
Note that the slope is small where high power is needed and large where only low 
power is needed. The bandwidth of the electronics and the tuning speed of the laser 
will limit the ability of an actual device to trace out this curve. As noted earlier. 




Fig. 3.12. Calculated wavelength variation with time of a SMART pump to achieve flat gain 
over the combined C+L-band. 
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however, initial calculations suggest that an electrical bandwidth of 50 MHz should 
be sufficient. 

Another important issue is that of the total pump power required to achieve a given 
peak gain as the pump and signal bandwidths are increased. Note from Fig. 3.13 that 
the pump power increases essentially linearly with increasing bandwidth. Because 
of the large intrinsic bandwidth of the fundamental Raman gain curve, however, that 
relationship is not a direct proportionality. 

As noted earlier, the Raman interaction among the pumps with CW pumping is a 
significant problem, especially when the gain is greater than 15 dB. Both Figs. 3. 14 and 
3.15 refer to a 100 km span, pumped to unity gain (23 dB), and show complementary 
aspects of strong Raman interaction among the pumps. A gain of 23 dB is a bit 
higher than would typically be used, but does clearly illustrate the point. Note from 
Fig. 3.14 that the lowest-frequency pump (at 200 THz) experiences very little loss 
compared to the highest-frequency pump (at 216 THz), due to the Raman interaction 
between them. Note from Fig. 3.15 that almost all the launch power is concentrated 
at the short-wavelength side of the spectrum with CW pumping, whereas with TDM 
the distribution is much more uniform. (There is a large peak at long wavelengths 
(low frequency) in the TDM pumping trace but the area under this peak isn’t large 
compared to the total area. ) It is always thus, for CW pumping, and when high gain is 
required: almost all the necessary power for the lowest-frequency pump comes from 
the higher-frequency pumps. As the gain is lowered, the launch power becomes less 
localized near the short-wavelength side with CW Raman pumping. 
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Fig. 3.13. Relative pump power required to achieve a given peak gain as a function of the pump 
bandwidth [15] (©2002 IEEE). 
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Fig. 3.14. The net gain and loss for 100 km of nonzero dispersion-shifted fiber pumped to unity 
net gain. 




Fig. 3.15. The calculated launch power for CW and TDM Raman pumping required to match 
the path average power shown in Fig. 3.10. 
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To confirm this sort of strong Raman pump interaction, we have measured the 
required pump launch powers of the experimental configuration shown in Fig. 3.2 for 
both CW and DTDM pumping. These results are shown in Fig. 3.16 for an average 
gain of 13 dB. Care was taken to match the gain profiles in each case. The expected 
large difference in launch powers is seen for the 1420 and 1490 nm pump lasers when 
comparing CW and DTDM pumping. 

The pump-to-pump Raman interaction also changes the effective attenuation 
length of the various pump wavelengths, as can be inferred from Fig. 3.14. As noted 
above, the long-wavelength pumps quickly drain power from the short-wavelength 
pumps, thereby greatly increasing the effective rate of attenuation. The degree to 
which the gain is distributed along the fiber length directly affects the noise fig- 
ure of the amplifier. Short-wavelength channels that are pumped primarily by the 
short-wavelength pump have a gain profile which is much less distributed than for 
channels pumped by the long-wavelength pump. The signal power evolution is shown 
in Fig. 3.17 for CW pumping of a 100 km span to unity gain. The path-average signal 
powers are the same for both the CW and TDM cases. Note, however, that the signal 
power variation is 5 dB greater for the short-wavelength channel compared to the 
long-wavelength channel. Note also that in order to maintain a constant path-average 
signal power with wavelength, the signal launch powers must vary by 2 dB across 
the band. By contrast, with TDM pumping, there is very little variation in the power 
evolution between the signal channels. The only difference is due to variations in the 
fiber attenuation across the signal and pump bands, but this is a small effect for most 
fiber types. 
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Fig. 3.16. Measured fiber launch powers to achieve broadband gain of 13 dB for both CW and 
DTDM pumping. 





3. Time-Division-Multiplexing of Pump Wavelengths 



77 




Fig. 3.17. Calculated signal power evolution in a 100 km fiber span pumped to unity net gain. 
The path-average signal power is the same for both the CW and TDM cases. 



3.4. Temporal Gain Ripple 

The forward gain that results from backward TDM Raman pumping isn’t completely 
independent of time. Instead, there is a small remnant temporal gain variation at 
the same rate as the pump pulses. Consider a single pump with an output power 
that varies in a square wave pattern with period r and pulse width A. Assuming that 
pump depletion by the signal is negligible, the gain for this configuration is calculated 
by summing up the gain from each pulse along the fiber. Performing this sum, the 
maximum and minimum gains can be found. A useful quantity to examine is the ratio 
of the gain ripple, ln(G max ) - ln(G min ), to the average gain [ln(G max ) + ln(G min )]/2. 

r lnCGnttx) - ln(Gnun) 1 - e~ p(T ~ A) 

If* (f? max) + ln(G m in) 1 + e“^( T “ A ) ’ 

where p — ft V g /2, f3 is the attenuation coefficient at the pump wavelength (/km), and 
V g is the group velocity (km/s). The dividend of 2 appears in the expression for p 
because the pump and signal are propagating in opposite directions. The quantity 
T is directly related to values that can readily be measured in an experiment, viz., 
the average signal value S avg , the peak-to-peak signal ripple Spk-pk. and the average 
on-off gain G on -off- 

p _ Spk-pk/^yg 

ln(Gon-off) 



(3.14) 
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Because the fiber loss rate and pulse rate are both much less than one, Eq. (3.13) is 
accurately approximated as 



PVgjr- A) 
2 



(3.15) 



Putting a repetition rate of 500 kHz with a 25% duty cycle and a fiber attenuation 
of 0.23 dB/km into this equation yields T — 0.008, that is, a peak-to-peak ripple that 
is just 0.8% of the on-off gain. A ripple of this magnitude is essentially negligible. 
Note that even with a gain of 25 dB, this fraction would yield a peak-to-peak ripple of 
only 0.2 dB. Ripple reduction is also achieved by appropriately choosing the relative 
phases of the pumps in adjacent fiber spans such that the ripples cancel out. 

We have tested the above model experimentally. In the experiment a high-power 
laser diode operating at 1440 nm was electrically pulsed with a 25% duty cycle and 
launched into the fiber, where it produced an on-off gain of ~7 dB, and a signal near 
the peak of the resultant Raman gain was launched in the forward direction. The 
signal power was measured with a fast detector on an oscilloscope with the pump 
on and also with the pump off. The measured waveform, peak-to-peak ripple, and 
theoretical predictions are shown in Fig. 3.18 for rates from 250 kHz to 1 MHz. The 
measured peak-peak values agree well with the predictions of Eq. (3.15). Differences 
between the theory and experiment can be attributed to the nonsquare shape of the 
optical pulses in the experiment, when square pulses were assumed in the theory. The 
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Fig. 3.18. Experimentally measured temporal gain ripple for various pumping rates with an 
on-off Raman gain of 7 dB and a duty cycle of 25%. The predictions of Eq. (3.15) are shown 
for comparison. 
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largest discrepancy is found with the shortest pulses (highest pumping rate), where 
the deviation from a square pulse shape was greatest. 

A TDM Raman amplifier is only employed when several pump wavelengths are 
needed. The net ripple from such a multiple pump source can be less than that of the 
single pump sources discussed thus far in this section. With multiple pumps, the ripple 
introduced by each pump has its own proper phase. The long-wavelength channels 
are pumped almost exclusively by the long-wavelength pump, therefore they tend to 
experience a ripple close to that calculated from Eq. (3.15). Short-wavelength chan- 
nels, on the other hand, receive significant gain from each of the pump wavelengths, 
and because the phases of the ripples from the various pumps are distributed over 2i r, 
the net ripple will then be much less than that calculated from Eq. (3.15). 



3.5. Four- Wave-Mixing 

Four-wave-mixing (FWM) is a nonlinear process where two photons with frequen- 
cies vi and V 2 are destroyed while two new photons U 3 and V4 are created. Energy 
is always conserved in this process; thus v\ + V2 — V3 + V4. Phase matching of the 
wavevectors k\ + K2 — kj, + K 4 is necessary for FWM to develop efficiently. In a long 
dispersive fiber, the phase matching condition is satisfied only around the zero dis- 
persion wavelength 7 ,q. Thus the worst case occurs when 7.o falls within the pump 
band, especially near the long-wavelength pump. In that case, strong components 
are generated within the signal band. Although the four- wave-mixing components 
in this case are copropagating with the pump, the FWM is typically high enough 
with CW operation such that Rayleigh backscattering of those FWM components can 
significantly degrade the optical signal-to-noise ratio (OSNR). 

TDM Raman pumping tends to eliminate this problem by eliminating temporal 
overlap of the pump pulses. In practice, however, it is difficult to eliminate all such 
temporal overlap of the various wavelengths. The intensities in the overlap may be 
high, so the FWM is efficient, but inasmuch as the overlap is only for a small fraction 
of time, the time-averaged intensity of the FWM components is weak. (Once again, it 
is only by way of Rayleigh backscattering, a time-averaging process, that the FWM 
components can join the signal and threaten the OSNR.) In addition, in most cases, 
the pulse time ordering can be chosen such that troublesome pump wavelengths are 
not in adjacent time slots. 

We have experimentally observed the power of TDM pumping to suppress FWM 
by using the setup shown in Fig. 3.2. Measurements of all signals copropagating with 
the pump were made with a sensitive OSA. The four-wave-mixing components with 
DTDM pumping for pumps in adjacent time slots are shown in Fig. 3.19 and the 
spectra for the same pumps operating CW are shown in Fig. 3.20. Also shown in the 
figures are the spectra with only a single pump operating. Note that although strong 
FWM components are observed in the CW case, only a very small peak is observed 
with TDM. In this particular case ko is low enough such that the FWM components 
don’t fall within the signal band. 
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Fig. 3.19. Experimentally measured four-wave-mixing with TDM pumping. For comparison, 
the spectrum of each pump running alone is also shown; for clarity, these spectra were shifted 
by — 5 dB. A weak four- wave-mixing component is observed because there is some overlap of 
the pump pulses. 
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Fig. 3.20. Experimentally measured four-wave-mixing with CW pumping. For comparison, 
the spectrum of each pump running alone is also shown; for clarity, these spectra were shifted 
by — 5 dB. Strong four- wave-mixing components are observed. 
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3.6. Spontaneous Raman Noise 



The path-average pump power as seen by the signal in the forward direction is the 
integral along the fiber length of the time-averaged pump power. This is not the 
case for a signal copropagating with the pump. Here the path-average pump power 
depends upon whether the signal is in phase or out of phase with the pump pulse. It 
is only when the pump pulses are shorter than the group velocity dispersion walk-off 
between the pump and signal (a condition most severe and difficult to satisfy), that the 
time-averaged power is again appropriate. Neglecting pump depletion and defining a 
to be the fiber loss rate, Pq to be the peak pump launch power, and D to be the pump 
duty cycle, then the forward on-off Raman gain is given by 

R(v — v)P(v)D[ 1 — exp[— aL ]\ " 



G(v) =exp 



(3.16) 



The gain in the backward direction when the pump and signal are in phase is 

’ R{v — n)P(u)[l — exp[— aL]\ 



G(y) — exp 



and when the signal is out of phase with the pump, the gain is given by 

G(v)= 1. 



(3.17) 



(3.18) 



The factor of D in the exponential makes the peak gain in the forward direction 
significantly smaller than in the backward direction. Because the noise grows rapidly 
with gain, the excess noise generated in the backward direction, even when time- 
averaged, will be significantly larger than the noise in the forward direction. Rayleigh 
scattering of that enhanced backward noise can then significantly increase the noise 
level in the forward direction. 

The time-averaged spontaneous Raman noise in the forward direction due to 
spontaneous Raman scattering is given by 



Nf — IhvRPoDe 



(RP 0 D)/a 



f 



exp 



-y[a + P] - 



RP Q De~ a y 



dy. (3.19) 



The contribution to forward propagating noise from Rayleigh scattering of back- 
ward propagating spontaneous Raman noise is given by 



Nb = 2hvRPoDe (RP ° D d a a f Q f*ex p 



\P ~ cc]y + 



RP 0 e 



-ay 



— 2 fix — 



RP 0 [l + D]e- 



dydx, 



(3.20) 

where a is the Rayleigh scattering coefficient, a is the fiber loss at the pump wave- 
length, ft is the fiber loss at the signal wavelength, Sq is the signal launch power, D 
is the duty cycle, v is the signal wavelength, and R is the Raman gain coefficient. In 
both Eqs. (3.19) and (3.20) it is assumed that pump depletion due to the Raman effect 
is negligible and that the pulse width is much less than the characteristic attenuation 
length of the fiber. These equations can be quickly evaluated on a fast computer. The 
log of the ratio of these two noise contributions gives the additional penalty for using 
TDM Raman pumping rather than CW Raman pumping. This ratio is plotted versus 
duty cycle for several gain values in Fig. 3.21. Note that the penalty quickly grows 
with increasing gain and decreasing duty cycle. 
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Fig. 3.21. The calculated increase in forward propagating noise due to Rayleigh scattering of 
backward propagating noise with TDM Raman pumping. The penalty is plotted versus duty 
cycle for several gain values. 




Fig. 3.22. The calculated increase in forward propagating noise due to Rayleigh scattering 
of backward propagating noise with TDM Raman pumping. The penalty was calculated for 
broadband Raman gain using four wavelengths. The peak output power at each wavelength 
was assumed to be equal and the duty cycle then adjusted to level the gain. 
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The situation becomes more complicated when several pump wavelengths are 
used. The noise problem is not severe at short signal wavelengths, because each 
pump contributes to the gain, producing quasiCW pumping. Only at long wavelengths, 
where the gain is derived entirely from one pump wavelength, is there a problem. 
Luckily, the longest wavelength pump is also the pump with the highest power. The 
higher power can be achieved by increasing the duty cycle for this laser which then 
reduces the noise penalty. 

To explore this effect, we have calculated the additional noise penalty for the case 
where flat broadband gain is obtained over the combined C+L-band from four TDM 
pump lasers, each with the same peak output power. The penalty is plotted versus 
on-off gain for several different wavelengths in Fig. 3.22. Note that the penalty can 
be kept below 0.5 dB for all wavelengths out to a gain of 18 dB. 



3.7. Double-Rayleigh Scattering Noise 



Double-Rayleigh backscattering of the signal itself, also known as double-Rayleigh 
scattering (DRS), can be a significant source of noise. The higher gain in the backward 
direction obtained with Raman gain also increases the DRS noise penalty [18]. As- 
suming no pump depletion, the equation describing DRS for CW pumping is given by 

N drs = S 0 e s L 2 cj 2 J J exp[2p \e aLy - e aLx ] - 2 0L[y - jc]] dydx, (3.21) 



where 

RP 0 e~ aL 
P= 



(3.22) 



a 

and where a is the fiber loss at the pump wavelength, is the fiber loss at the signal 
wavelength, a is the Rayleigh scattering coefficient, R is the Raman coefficient, and 
Sq is the signal launch power. A more complicated equation can be derived for TDM 
pumping but is not shown. This equation is quickly solved with a fast computer, and 
analytic solutions can be found for certain cases, such as those of uniform gain or 
no gain at all. We have calculated the DRS-to-signal ratio using parameters from the 
experimental setup shown in Fig. 3.2. The ratio is plotted in Fig. 3.23 versus gain for 
both TDM and CW pumping. The extra penalty for TDM pumping is the difference 
between the TDM and CW curves, and grows to approximately 4 dB at a gain of 15 
dB. System performance in many cases is not limited by DRS, so a 4 dB increase in 
the DRS penalty is generally insignificant. 

We have measured the DRS noise penalty in an experiment where the DRS decay 
in time is observed immediately after the signal is turned off. This method is similar 
in some ways to the methods of [ 19] and [20], although other methods also exist [21]. 
The characteristic decay time of the DRS is approximately the transit time through 
the fiber under test. The only trick is to ensure that when the signal is turned off, the 
residual leakage is much less than the DRS level itself. 

The apparatus we used to measure the DRS is shown in Fig. 3.24. The fiber loop 
here corresponds to the experimental setup of Fig. 3.2. The signal source is allowed 




84 



A.R. Grant and L.F. Mollenauer 




Fig. 3.23. Calculated ratio of DRS noise-to-signal for CW and TDM Raman pumping after 
transmission through the fiber span versus the on-off Raman gain in the forward direction. 




Fig. 3.24. Experimental configuration for mea- 
suring double-Rayleigh scattering. 



to run for a sufficiently long time to bring the DRS to a steady state. This amount 
of time is equal to four trips through the fiber span, but if gain depletion is truly 
negligible, it can be reduced to three trips. When the DRS reaches a steady state, 
the source is quickly turned off by directly modulating the source laser and also by 
switching an AO modulator. The source laser is modulated at 500 kHz coherently 
with the switching of the signal source and the AO modulator. This allows any signal 
to be clearly distinguished from the DRS. A second AO modulator is used after the 
loop to block the signal going to the detector while the DRS is building up in the loop. 
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This prevents the detector and electronic amplifier from being saturated and reduces 
the waiting time for settling of the detector. The switching on of the second modulator 
is delayed from the turning off of the first modulator by the transit time of the signal 
through the fiber span. A narrowband optical filter is used to select either the DRS or 
the SRS for measurement, by tuning the filter wavelength to just off or on the channel 
under test. Actually, the “just off” measurements were made both above and below 
the channel, and the results averaged to eliminate any effect of gain slope. The signal 
from the detector is amplified and fed into a fast digital oscilloscope. The scope is 
triggered by the electronic pulse generator that drives the AO modulators. Up to 50 
traces were coaveraged on the oscilloscope to reduce the noise. 

The time-averaged signal launch power in these measurements was 0.58 mW, 
a value approximately three to four times larger than that used in a typical system. 
Increasing the launch power has no effect on the DRS-to-signal ratio, but does de- 
crease the SRS-to-signal ratio. This is because the DRS scales linearly with signal 
launch power, and the SRS is independent of signal launch power, inasmuch as pump 
depletion by the signal can be ignored. 

We found our technique to be sensitive enough to measure the DRS without any 
gain, because no evidence of any signal was seen in even that DRS measurement. 
The DRS with no gain is shown in Fig. 3.25. The Rayleigh scattering coefficient was 
calculated with this data in order to predict, via simulation, the decaying DRS signal. 

The DRS was measured for both CW and TDM pumping with the same on-off 
Raman gain. A 1490 nm pump laser was used in the experiment and was pulsed at a rate 
of 825 kHz with a 57% optical duty cycle. The signal channel was at the peak of the 
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Fig. 3.25. Experimental measurement of the decay of DRS noise with no Raman gain after the 
signal is turned off. 
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Fig. 3.26. Experimentally measured decay of the DRS noise-to-signal ratio with 13.1 dB of 
Raman gain after the signal is turned off. 



Raman gain (with X — 1591.1 nm). The experimental DRS-to-signal ratio is plotted for 
again value of 13.1 dB in Fig. 3.26. The value of the signal power used to calculate that 
ratio is the steady-state signal power after transmission through the span, but before 
the signal is turned off, not the signal power launched into the span. Calculations of 
the DRS decay are shown in Fig. 3.27. Square wave optical pulses are assumed in the 
calculation, along with zero group velocity dispersion and no pump depletion. The 
steady-state DRS values are found by extrapolating the data back to when the signal is 
turned off. The SRS signal increases by 2% over the course of the DRS measurement 
due to the reduction in pump depletion when the signal is turned off. 

The shape of the experimental DRS curve agrees well with the model predictions, 
suggesting that our simple model is sufficient. The small differences can be attributed 
to the facts that the shape of the pulse in the model doesn’t match that in the experiment, 
that pump depletion was ignored in the model, that zero group velocity dispersion 
was assumed, to error in the value of the scattering coefficient, and to uncertainty in 
some optical connections. 

The higher DRS and SRS noise penalties that accrue with TDM Raman pumping 
can be reduced while keeping most of the benefits. Multiple lasers can be pulsed at 
the same time in a DTDM scheme or with a SMART pump; multiple lasers could 
be operated slightly out of phase. The pumps that are pulsed simultaneously should 
be close in wavelength so as to minimize their Raman interaction and also chosen 
such that they don’t produce any troublesome four-wave-mixing components. This 
would increase the duty cycle of the longest-wavelength pump and reduce the noise 
penalties. Consider the DTDM case shown in Fig. 3.8, where the relative pump powers 
are 100:40:43:45. When all the lasers are pulsed sequentially, the % duty cycles (long 
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Fig. 3.27. Calculated decay of the DRS noise-to-signal ratio when the signal is turned off. 
The calculation parameters were chosen to match the experimental configuration as closely as 
possible. 



to short wavelength) are 44:17:19:20, whereas if the two short wavelengths and two 
long wavelengths are pulsed at the same time, then the duty cycles are 69:28:30:31. 
Looking back to Figs. 3.23 and 3.22, increasing the duty cycle from 44 to 69% greatly 
reduces the noise penalty. Note that the durations of pulses need not be equal when 
the pumps are pulsed simultaneously. 



3.8. Conclusions 

Raman amplification has many clear advantages, but there is still some debate over 
the best way to configure a Raman pump for practical applications. TDM Raman 
pumping has several advantages over CW Raman pumping, but it also has a few 
disadvantages. The best choice, however, depends upon the specific situation. When 
the best noise performance is necessary then CW is probably the best choice. If a 
small noise penalty can be tolerated, then TDM has many additional benefits over 
CW pumping, such as efficient gain leveling with a SMART pump, the elimination 
of four- wave-mixing, and the elimination of pump-to-pump Raman interactions. 

Another issue that has not been discussed is cost. At this moment CW Raman is 
more cost effective because the output power of each TDM pump must be the same 
as the combined output power of all the CW pumps. Currently, lasers are priced in 
dollars per milliwatt. With this pricing scheme, an N wavelength TDM pump would 
cost approximately N times as much as the corresponding CW pump. Flowever, the 
maturation of high-power laser diode technology may change the pricing scheme to 
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one based more on a per-module cost rather than a per-milliwatt cost. When that hap- 
pens, the TDM Raman amplifier and the CW Raman amplifier will be approximately 
equal in price. 
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4.1. Introduction 

Spontaneous emission is the inevitable consequence of gain in an optical amplifier. 
In this chapter, the definition of noise figure is shown to be useful only in character- 
izing shot noise and signal-spontaneous beat noise. The noise characteristics of both 
discrete and distributed Raman amplifiers are then presented. The choice of discrete 
amplifiers alone, or together with distributed optical amplifiers results as a trade-off 
between maximizing optical signal-to-noise ratio at the expense of increases in non- 
linear distortion of the signal due to high signal intensities. Hansen et al. [1] showed 
that distributed amplification could be used to obtain a significant improvement in 
system margin that could be used to upgrade the transmission capacity, either in terms 
of more channels, or a faster line rate. 

A general model that accurately predicts both signal propagation and the buildup 
of ASE is discussed and compared to measurements. Measurements and analysis of 
linear noise performance for a system enhanced with distributed Raman amplification 
is presented. 

Further measurements and analysis of broadband discrete Raman amplifiers show 
a clear dependence on temperature which places a fundamental limit on their per- 
formance. Even with idealized fiber and high optical gain, a single-stage, counter- 
pumped, broadband discrete Raman amplifier will have a noise figure that is greater 
than the quantum limit at room temperature. It is also shown that the noise perfor- 
mance of a distributed Raman amplifier exhibits these temperature characteristics 
and measurement results are presented from a 95 nm bandwidth amplifier that agree 
well with the numerical model. Interactions between the pump wavelengths are also 
shown to play an important role, giving better system performance to longer signal 
wavelengths at the expense of shorter wavelengths. 

Finally, an analysis of the relative linear noise performance of different trans- 
mission fibers is presented, showing up to a 2 dB variation in OSNR using 500 mW 
(Class 3B laser safety limit) pump power depending on fiber type. 
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4.2. Receiver Noise Sources 

Although modern optical fiber transmission systems are predominantly digital sys- 
tems, the use of optical amplifiers instead of optoelectronic regenerators implies noise 
builds up along the line in much the same way as for an analogue system. The noise 
sources present at the optical detector are: 

1 . Shot noise — related to the time uncertainty of a photon arriving at the photode- 
tector; 

2. Beat noise — beating between ASE components (spontaneous-spontaneous beat 
noise), and beating between ASE components and the signal (signal-spontaneous 
beat noise); 

3. Interference noise — this can be interference between two signals or the transfer 
of optical phase noise to electrical intensity noise by the photodiode. The phase 
noise may arise from a signal suffering multiple reflections or scattering events. 

In conventional optically amplified systems, where the signal powers are kept rela- 
tively high, signal-spontaneous beat noise dominates over spontaneous-spontaneous 
beat noise, shot noise, and the thermal noise of the photodetector. The use of dense 
wavelength-division-multiplexing (DWDM), faster data rates, and longer transmis- 
sion distances is beginning to make nonlinear distortion of the signal a more and more 
important consideration. This topic is dealt with later in this chapter. 



4.3. Noise Figure 



The concept of noise figure is already a well-established method of characterizing the 
buildup of noise in electrical components [2] . The definition of a noise figure that has 
been used for electrical components is the signal-to-noise (SNR) ratio at the input of 
a device divided by the signal-to-noise ratio at the output: 



SNRin 
SN R out 



(4.1) 



It has been the convention in optical communications to define SNR in terms of 
electrical powers at an ideal receiver [3] and therefore optical powers and noises 
must be converted to the electrical currents. The input SNR is given in terms of a 
Poisson distributed, shot noise limited source. The SNR is therefore given by the 
square of the mean signal photon number (n s ) divided by the mean square photon 
number fluctuations: 



SNR = 



(Is ) 2 
(A I}) 



(ns ) 2 

(A n])' 



(4.2) 



Haus [4] has recently suggested that a better definition of SNR would be to 
maintain the definition in the optical domain. This would give the SNR as the ratio 
of signal power (energy), to the mean square fluctuations of the signal amplitude, 
and maintain some consistency with the original IEE definition of a noise figure. 
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The conventional noise figure is not signal independent unless the signal photon 
number is large. Only when the signal photon number is high can the standard cascade 
formula for a noise figure be used. However, this is normally the case in optical 
communications systems and it is the conventional definition that is adopted here. 
The SNR at the input of a component is given by that of a shot noise limited source 
of optical power I \ : 



SNR in = 



(Is 



2n2 






(A/2) Si_shot_ 



(4.3) 



where :H is the responsivity of the photo detector and Sj_ s h 0 tjn is the electrical power 
spectral density (PSD) of the shot noise at the input to the device. The PSD of the noise 
at the output has contributions from signal-spontaneous beat noise, spontaneous- 
spontaneous beat noise, shot noise, multipath interference, and other noise: 



Si_out (/) = Si _ shot _ put + Si 



i_sig_spon 



+ s, 



i_spon_spon 



( f) + S M pi(f) + S i_other(f) ■ 



The SNR at the output of the device is therefore given by 



(4.4) 



SN R ou t — 
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(4.5) 



The shot noise is assumed to be Poisson distributed such that the noise figure as 
defined by Eq. (4.1) is: 



E = 



^ i_shot_o 



1 Si_sig_spon Si_ S p 0n _ S p 0n 

G 2hvG 2 m 2 P s 



G 2 Si_ s hot_in 
(/) + Si_M PI T Si_other 



(4.6) 



where h is Planck’s constant and v is the optical frequency of the signal. If we consider 
the case of an optical receiver with a square optical bandpass filter of bandwidth Bq , 
a laser source of linewidth A v and power P s , and an optical amplifier of optical noise 
power spectral density pase and gain G, but containing internal reflections R\ and 
Ri at its input and output, the total noise figure is: 



F — F s h ot + F s 



sig_spon T F S p 0ri S p 0n 



+ Fmpi + F ot i ier 



1 1 2 pase 

G + hv G 



2 Pase 2 
G 2 P S 



B 0 A 




+ 2P S R \ R 2 



2/7T Av 
1 + (// An) 2 



T Fotheri 



(4.7) 

where A(/) is a normalized triangular function with height 1 at f — 0, and height 0 
at / = 1 . In a well-controlled amplifier, the MPI term will not be present. However, 
if this is not the case, it can dominate over other noise terms inasmuch as it is both 
proportional to the signal power and to the gain of the amplifier (the effective reflection 
coefficient R 1/2 can be a function of the amplifier gain for double Rayleigh scatter). 
It should also be noted that the noise figure is not independent of the signal power 
even if MPI is ignored. However, the second term in brackets, corresponding to the 
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Fig. 4.1. A series of optical components with individual gains and noise figures. 



spontaneous-spontaneous beat noise is inversely proportional to both the signal power 
and square of the gain, and proportional to the square of optical noise PSD ( Pase ), 
which is a small number. Therefore, if the signal powers are high, and an optical filter 
is being used at the photodetector, the signal-spontaneous beat noise will dominate 
and the noise figure reduces to the more common signal power independent form: 

1 2oasf 

F = F shot + F sig spon = - + . (4.8) 

G hvG 

In this reduced form, the usual microwave cascade formula can be used to calculate 
the total noise figure of a series of components [3]. A cascade formula also exists for 
the power-dependent form of the noise figure although it is more complicated [5]. 

For a series of components (see Fig. 4. 1 ), which may be optical fibers (with only 
shot noise figure terms), or optical amplifiers (with shot noise and signal-spontaneous 
beat noise terms), the total noise figure is given by 



Ftotal — Fi + 



F 2 - 1 
Gi 



F 3 - 1 



G[G 2 



Fn- i - 1 



Fjv-1 



G[G 2 ■ -Gn- 3 Gn - 2 G\G 2 -Gn-i 



(4.9) 

Therefore, once the noise figure of the individual components has been characterized, 
the total noise figure for a system can be calculated. 

It is fundamental to realize that although the noise figure is often measured in the 
optical domain, its definition remains in the electrical domain, and in its useful form 
(Eq. 4.8), only characterizes shot noise and signal-spontaneous beat noise. 

If other noise sources such as multipath interference are included, the noise fig- 
ure becomes frequency- and signal power-dependent, and therefore less useful for 
system design. Figure 4.2 shows the electrical noise figure measurements for a well- 
designed EDFA and a single-stage discrete Raman amplifier using 13 km of DSF. In 
the case of the EDFA, both optical and electrical measurements of the noise figure 
agree well at around 5 dB with gains of 12 and 26 dB. Some measurement noise 
is apparent at frequencies below 50 MHz. The Raman amplifier shows a signifi- 
cant discrepancy between optical and electrical measurements of the noise figure. 
Multipath interference caused by double Rayleigh scattering leads to an increase 
in the noise at low frequencies. At relatively low gains and frequencies of about 
200 MHz, the optical and electrical measurements converge. At high gains, the im- 
pact of MPI is large and can be seen to extend up to much higher frequencies. The 
electrical noise figure for the Raman amplifier will vary with both gain and input 
signal power. Although this measurement can be used to show the presence of MPI, 
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Frequency in MHz 

Fig. 4.2. Noise figure measured electrically for EDFA (left) with optical noise figure of 5 dB, 
and Raman amplifier (right) with optical noise figure of 6 dB. Dashed lines indicate optical 
measurements and dots indicate electrical measurements. 

it is not a particularly helpful measurement for characterizing a system. It is more 
useful to be able to quantify the amount of MPI and ASE separately because the 
penalties caused by each noise source are different. ASE can be quantified by an opti- 
cal measurement of the noise figure whereas MPI can be determined using electrical 
measurements. Therefore, when discussing the linear noise performance of a Ra- 
man amplifier, it is assumed that we are considering only the buildup of spontaneous 
emission. 



4.4. Effective Noise Figure 

The concept of an effective noise figure (ENF) can be used to compare linear trans- 
mission systems with and without distributed amplification [12]. However, in a real 
transmission fiber, distributed Raman amplification will change the signal powers 
as they propagate down the fiber. In a nonlinear system this will lead to changes in 
four-wave mixing, self-phase modulation, cross-phase modulation, and interchannel 
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Fig. 4.3. Configuration for defining effective noise figure. 



stimulated Raman scattering. The increase in nonlinearities is dealt with later in this 
book. 

The definition of effective noise figure is the noise figure of an imaginary optical 
amplifier that provides the same noise performance benefit of the Raman pumped 
transmission fiber (see Fig. 4.3). Here Gr and Fr are the gain and noise figure of the 
Raman pumped transmission system. G f and Ff are the gain (1/fiber loss) and noise 
figure of the unpumped transmission system. Note that G r and G f may be less than 
1, indicating that there is a net loss in the transmission fiber. F e ff is the noise figure 
of an imaginary optical amplifier placed at the end of the transmission system giving 
the same noise performance as the Raman pumped system. 

Equating the two systems we have: 

F e ff — 1 

F R = F f + -21 . (4.10) 

G f 

Therefore, the effective noise figure F e ff can be found: 

Feff = FrG f . (4.11) 



The effective noise figure can have a negative value since Eq. (4.11) is the ratio of 
the noise figures for the pumped and unpumped transmission fiber. 

A discrete amplifier such as an EDFA may be included in a composite effective 
noise figure. This can be found by equating the total noise figure for the system in 
the case with Raman amplification, and an imaginary system with an EDFA with an 
effective noise figure (see Fig. 4.4). 



Fr + 



Fedfa — 1 
Gr 



= Ff + 



Gf 



Therefore, rearranging the equation above. 



F e ff = Fr Gf + ( Frdfa — 1) 



Gf 
Gr ' 



(4.12) 



(4.13) 



The equivalent imaginary discrete amplifier suppresses the noise generated from the 
real discrete EDFA, by the added gain in the transmission fiber. If there is sufficient 
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Fig. 4.4. Configuration for defining effective noise figure, including a discrete amplifier. 



gain, the effective noise figure may be below the quantum limit of 3 dB for a discrete 
amplifier, and can be negative. This result does not indicate that the distributed am- 
plifier subtracts noise from the signal. Instead, it shows the noise figure that a discrete 
amplifier at the end of the fiber span would have to possess to exhibit the same noise 
performance as the distributed amplifier. In effect, the distributed amplifier can out- 
perform the best theoretical discrete amplifier. The effective noise figure is inversely 
proportional to the optical signal-to-noise ratio (OSNR), so that if the effective noise 
figure decreases by 1 dB, the OSNR will improve by 1 dB. 



4.5. General Signal Model 

This section considers the steady-state propagation of signals and pumps in Raman 
amplified systems. Compared with current data rates, the energy provided by the Ra- 
man pumps is transferred almost instantaneously to the signals, such that the gain 
experienced by those signals can be calculated from the instantaneous pump power at 
a given point in the fiber. If there are significant low-frequency data or large numbers 
of channels are suddenly added or dropped in a DWDM system, large power tran- 
sients may result [6]. In these cases, the effect of dispersion would be important for 
copumped amplifiers, and the effective (interaction) fiber length would be important 
for counter-pumped amplifiers. The fast-gain dynamics of Raman amplifiers is dealt 
with later in this book. To analyze the steady-state propagation of the signals and 
pumps, a time-independent set of differential equations may be used. Simple analyt- 
ical expressions may be derived [7, 8] for the SRS interaction of a single pump and 
signal beam although all rely on assumptions of an undepleted pump, and may not 
be extended to multiple pump wavelengths or DWDM systems. Tariq and Palais [9] 
were probably first to present numerically modeled results of the SRS interactions 
between copropagating signal channels in standard transmission fibers. Here this 
model was extended to include the interactions between both copropagating signal 
channels and counterpropagating pumps. A similar model has also been proposed by 
Kidorfetal. [10]. 

First, high signal powers may lead to a depletion of the pump as all the energy is 
transferred to the signals by the stimulated emission. Second, a numerical model can 
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Fig. 4.5. Distribution of pump and signal wavelengths. 



also take account of multiple pumps, which can be used to flatten the gain spectrum. 
Finally, both signals and pumps will transfer energy among themselves and this effect 
is shown to become much stronger as the pump wavelengths become separated and 
longer wavelength pumps fall into the gain bandwidth of shorter wavelength pumps 
(see Fig. 4.5). 

In general, the steady-state propagation of the N signals and P pumps in the 
optical fiber can be described by 



1 dP si 
Psi dz 

1 dP pi 
Ppi dz 



P i — l N 

■ T. Cpsji P p j + Y. C ss _jj P s j — Y' ( — ) CssjjPsj (4.14) 

7 = 1 7=1 7= z + l 



7=1 



v sj 



= + E f C P^j p u + E c pp-V Ppj - E ( V -Ac pp j iPl 



7 = 1 



7=1+1 



V PJ 



PI' 



(4.15) 



where P„ and Ppi are the instantaneous power of the i th signal at optical frequency 
y. s , and i th pump at optical frequency v p , respectively, at point z along the fiber. a s and 
a p are the fiber attenuation for the signals and pumps. C ps , C ss , C pp are the Raman 
gain efficiency coefficient between the pumps and signals, signals and signals, and 
pumps and pumps, respectively. These equations neglect the buildup of spontaneous 
emission which may be considered separately. 

The first term in Eqs. (4.14) gives the linear fiber loss and the second term is 
the power gained from the pump wavelengths. The third and fourth terms represent 
the power gained from shorter wavelength signals and lost to longer wavelength 
signals, respectively, resulting in SRS gain tilt. The first term in Eq. (4.15) also 
represents the linear fiber loss and the second term gives the power lost to the signals 
resulting in saturation of the amplifier. The third and fourth terms give the Raman 
interactions between the pump wavelengths where the third terms represent the power 
gained from shorter wavelengths, and the fourth term gives the power lost to longer 
wavelength pumps. It is assumed that the pumps and signals are arranged in order of 
increasing wavelength. The — /+ sign at the start of Eq. (4.15) allows for the case of 
a counterpropagating or copropagating pump, respectively. 

Accurate modeling of WDM systems pumped with multiple Raman pumps may be 
performed using fiber loss and Raman gain efficiency data gained from measurements. 
The counter-pumped case represents a two-point boundary condition problem where 
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the signal and pump powers are known at the start and end of the fiber, respectively. 
These types of problems may be solved using “shooting” or “relaxation” techniques, 
or a deferred correction technique with Newton iteration. 



4.5.1. Analytical Signal Model 



Although the complete modeling of Raman amplifiers requires the signal and pump 
propagation equations to be solved numerically, closed-form analytical expressions 
can be useful in giving some insight into the signal behavior in the gain fiber. For the 
case of a single pump and signal with negligible depletion of the pump, Eq. (4.15) 
may be greatly simplified and solved as [7], 



P p (z) = P p ozKp(—oip(L — z)) (4.16) 

P p (z) = Ppoexp(-a p z) (4.17) 



for a counter- or copumped amplifier, respectively, of length L. Because there is only 
a single signal, there is no SRS interaction and Eq. (4.15) may be easily solved: 



P s (z) = P s ( 0) exp - a s z + C R P p { 0) 



P s (z) = P s ( 0) exp - a s z + C R P p { 0) 



e - a P L [ e a pZ _ i] 



1 — e 0l P i 



(4.18) 



(4.19) 



for a counter- or copumped amplifier, respectively, with Raman gain efficiency C R . 
The net gain (G) at the end of the fiber of length L for both pump configurations is: 



G — T ■ G a = exp (~a s L + C R P p (0)L eff ), (4.20) 



where T is the loss of the fiber, G „ is the “added Raman gain” and L e ff is the effective 
length of the fiber that is determined at the pump wavelength: 



1 _ e ~ a P L 

L eff = . (4.21) 

OL p 

In the undepleted pump approximation, the signal profile can be expressed indepen- 
dently of the Raman gain efficiency coefficient or pump power by substituting for the 
added Raman gain. For the co- and counter-pumped amplifier with added gains G / 
and Gb , respectively. 



Ps (z) = P s o exp 



-0!iZ + 



ln(G/) 1 - e~ a P z 
Peff O' p 



ln(G b ) e-° , P L (e a P z - l) 
Leff a p 



(4.22) 



The Raman gain efficiency (C R ) and attenuation at the pump wavelength determine 
how much pump power is required to achieve a given gain. However, the power 
profile of the signal is governed only by the attenuation of the fiber at the pump and 
signal wavelengths. 
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Fig. 4.6. Relative power profile of signal in 80 km fiber compensated using Raman amplifi- 
cation. Top shows copumped fiber, bottom shows counter-pumped fiber. Signal attenuation is 
0.2 dB/km. 



The effect of the fiber attenuation on 80 km of fiber made transparent using a 
co- or counterpropagating Raman pump can be seen in Fig. 4.6. When the Raman 
pump is copropagating with respect to the signal, the pump power will be strongest 
at the start of the fiber resulting in a large amount of gain (see top set of traces). Fiber 
attenuation at the pump wavelength will reduce the power of the pump, resulting 
in a gradual reduction in gain. Eventually the fiber loss will dominate the signal 
profile. With a counter-pumped configuration, there is little pump power at the start 
of the fiber and the signal undergoes linear loss from the fiber attenuation. The pump 
power from the end of the fiber becomes progressively stronger such that the signal 
experiences gain in the last part of the fiber. The effect of greater attenuation at the 
pump wavelength can also be seen in Fig. 4.6. As this attenuation is increased, the 
gain becomes concentrated towards the ends of the fiber and the excursions of the 
signal profile become wider. 

For a fixed level of gain, the pump power is approximately proportional to the 
attenuation at the pump wavelength (P p oc 1 /L e ff). This is important since to obtain 
gain in the conventional erbium band (1530 to 1565 nm), pumps are required at 
1420 to 1460 nm which lies close to the OH - absorption peak in many fiber types. 
Some modern transmission fibers have removed this excess fiber loss through better 
manufacturing methods allowing Raman pumps to be used more efficiently. 



4.6. Modeling Noise 

The accumulation of spontaneous emission in a Raman amplifier can be modeled using 
differential equations. Stolen and Bosch showed in 1982 [11] that the spontaneous 
emission spectrum has a temperature dependence, and Hansen et al. [ 12] included the 
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coupling between forward and backward traveling ASE which becomes important 
at high gains. For multiple pump wavelengths, the propagation and accumulation of 
ASE for a co- or counter-pumped amplifier can be described by 

do + (~) 

a d l = -a s p+ (z) + J2 C R i P p i(z)(p^(z) +hvEj) + Sa RP ;(z) (4.23) 

i 

— = ~ a sPa (z) + E c *iW (p7(z) + hvE i) + Sa R p+(z), (4.24) 



where p a is the optical power spectral density in 1 polarization mode and 1 Hz 
bandwidth of the forward or backward traveling wave, a s is the fiber attenuation 
at the signal wavelength, C R is the Raman gain efficiency coefficient, P p , is the 
power of the ith Raman pump, h is Planck’s constant, v is the optical frequency 
of the ASE, S is the Rayleigh backscatter capture coefficient, a r is the Rayleigh 
scattering loss, and E is the spontaneous emission factor. This is a Bose-Einstein 
distribution, and takes into account the thermal population of optical phonons in the 
ground state [13-15]: 



E= 1 + 



1 




(4.25) 



where k is Boltzman’s constant, T is the temperature in Kelvin, and v is the frequency 
difference between the pump and signal. The first term in Eqs. (4.23) and (4.24) 
represents the linear loss due to fiber attenuation whereas the second term represents 
both the generation of spontaneous noise, and the amplification of the noise by the 
Raman pumps. The final term provides the coupling between forward and backward 
traveling ASE due to Rayleigh scattering. 

The powers of the backward propagating pumps and forward propagating signals 
are first calculated along the fiber length, assuming that the ASE causes negligible 
saturation when compared to the signals. Equations (4.23) and (4.24) may then be 
solved numerically as a two-point boundary value problem where p+ = 0 at z = 0 
and p~—0atz = L. 



4.6.1. Analytical Approximations 

If the signal is assumed to be very small compared to the pump such that depletion 
of the pump is negligible, the propagation of the pump for co- and counter-pumped 
configurations is given by 



P p (z) = P p o exp(-cipz) (4.26) 

P p (z)= P p o exp(—a p (L — z)). (4.27) 

Ignoring Rayleigh scattering of the ASE, Smith [ 1 6] derived analytical expressions 
for the resultant ASE produced by co- and counter-pumped amplifiers. These may be 
easily modified to include the Bose-Einstein factor (E). These equations have been 
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extended here, for the case where co- and counter-pumping are used at the same time: 



Pa(z) = hvE 
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(4.28) 

where G f and G /, are the added gains from the copump and counter-pump (i.e., ignor- 
ing fiber loss), respectively, and L e ff is the effective length at the pump wavelength: 



, ef f = {l-e- a ” L )/a p . (4.29) 

Chinn [17] later simplified the counter-pumped case using Gamma functions (r) 
and incomplete Gamma functions (/). For the counter-pumped amplifier: 
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* P Lip 

If the attenuation at the pump and signal wavelengths is assumed to be equal, the 
above expression simplifies greatly: 

_Y 



Pa(L) — Ehv 



„ctL 



G- 1 



CrP p o 

where the net gain for the span (G) is: 

G = exp( o/ s L + C RP p oL e ff). 



CrP p oJ_ 



(4.31) 



(4.32) 



4.7. Measurements of ASE Performance of Raman Amplifiers 
and Comparison with Simulations 

Expressions using the undepleted pump approximation are useful for quick estimates 
of amplifier behavior but are inaccurate for analyzing the performance of real Raman 
amplifiers. Numerical simulations allow the following factors to be taken into account 
when determining the noise performance of real Raman amplifiers. 

4.7.1. Rayleigh Scattering of ASE 

As the gain becomes large within the amplifier, there is a significant contribution 
to the forward ASE, from Rayleigh scattered ASE that was traveling in the back- 
ward direction. As this contribution becomes larger and larger, the amplifier will 
eventually lase. A single-cavity discrete Raman amplifier was constructed using 
12.7 km of dispersion-shifted fiber. The pump at 1455 nm was counterpropagated 
using optical circulators (see Fig. 4.7(a)). The gain and noise figure were measured 
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Fig. 4.7. (a) Experimental configuration and (b ) measured increase in optical noise figure due 
to coupling of forward and backward ASE in a 12.7 km discrete Raman amplifier with pump 
at 1455 nm. 



optically using a swept wavelength technique. The noise figure remains at about 6 
dB until the gain becomes large enough such that Rayleigh scattered ASE is coupled 
between backward and forward directions. Between 1 and 1.2 W, the noise figure 
spectra begin to follow the form of the gain spectra because the ASE coupling will 
be greatest at wavelengths where the gain is highest. At very high gains of beyond 32 
dB, the amplifier begins to lase and the ASE spectrum becomes unstable. 

Multiple-stage discrete amplifiers may be constructed where each stage is isolated. 
Backward traveling ASE from the second-gain stage is prevented from entering the 
first-gain stage so that the coupling between forward and backward traveling ASE is 
greatly reduced. In a distributed amplifier where there is little opportunity to place 
isolators in the transmission path, Rayleigh scattered ASE can place a limit on the 
maximum gain achievable [12], Figure 4.8 shows optical measurements and numer- 
ical simulations of the fiber loss and effective noise figure for a 88 km length of 
standard fiber (NDSF) pumped using a 1455 nm fiber laser. The signal and noise 
measurements were performed on a 1550 nm DFB laser. It can be seen that the fiber 
loss decreases linearly with increased pump power, eventually becoming transparent 
at about 700 mW. The effective noise figure (defined using Eq. (4. 11)) begins to show 
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Fig. 4.8. Gain and effective noise figure for 88 km of standard fiber (NDSF), pumped at 1455 
nm. Dots show measurements and lines show numerical simulations. Dashed line indicates 
analytical solution. Backscatter coefficient S = 0.00125. 



an improvement after a few hundred milliWatts, and then displays an almost linear 
decrease with pump power. At about 1200 mW, the gain in the fiber becomes large 
enough to make Rayleigh scattering of the ASE significant, after which increased 
gain results in a higher effective noise figure and worse performance. The analyti- 
cal calculations can be used to determine the performance if the Rayleigh scattering 
were removed. In this case, the effective noise figure (shown as a dotted line) would 
continue to decrease with more pump power, suggesting a better system performance. 

Numerical solutions (shown as solid lines) give very good agreement with the 
measured data. The backscatter coefficient for NDSF was determined from a separate 
measurement of the single Rayleigh backscatter from a signal laser that showed the 
reflected signal was —32 dB weaker than the forward traveling signal. It is clear that 
the analytical solution will give reasonable agreement when the Raman gain remains 
low. 

4.7.2. Temperature-Dependent ASE 

The Raman effect is a very low noise process, and in most single-channel cases 
amplification will result in the emission of nearly one spontaneous photon per mode. In 
single-channel experiments where the pump and signal are separated by about 13 THz 
(the peak for the silica Raman gain spectrum), this is quite a good approximation to 
make. An ultrabroadband WDM system may have wavelength channels that lie close 
to Raman pump wavelengths. As the difference between pump and signal frequencies 
becomes small and therefore the energy difference between the ground and first energy 
level becomes small (see Fig. 4.9(a)), there is an increased probability of finding the 
glass molecule at the first energy level rather than the ground state. This results in 
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Fig. 4.9. (a) Energy level diagram for stimulated and spontaneous emission; (b) number of 
spontaneous photons/mode for different frequency shifts and temperatures. 



a greater probability of spontaneous emission when the pump photon is incident on 
the molecule, and therefore a larger amount of spontaneous noise from the amplifier. 
Figure 4.9(b) shows the number of spontaneous photons per mode that would be 
emitted at each frequency shift along the silica Raman gain spectrum at various 
temperatures. It can be seen that at OK, the optimum of one photon per mode is 
emitted. As the temperature increases, there is a dramatic increase in the amount of 
spontaneous emissions at shorter frequency shifts. At room temperatures, a noticeable 
tilt appears across the gain spectra, even at frequency shifts of between 10 and 14 THz. 

Because the gain peak lies at shifts of about 1 3 THz where the noise emission tends 
to one photon per mode, it might be expected that this increase in emission at small 
frequency shifts could be ignored. In order to investigate the temperature dependence 
of a broadband-distributed Raman amplifier, a pump unit was constructed, giving 95 
nm of flat gain across the C- and L-band. A spool of 80 km NZ-DSF was placed in 
a temperature-controlled chamber and counter-pumped using 1423, 1443, 1464, and 
1495 nm polarization and wavelength multiplexed diodes. Splices and connectors 
were kept outside the chamber since these can also show temperature-dependent 
loss. Figure 4.10 shows the span loss spectrum for 80 km fiber, both with and without 
Raman gain. The pump unit is able to provide gain of 13 dB, between 1517 nm and 
1612 nm with only 2 dB of ripple, without the use of gain-flattening filters. There 
was no variation in the gain spectrum when the temperature was varied between 
— 20°C and +80°C, whereas below — 20°C, microbending caused excess losses in 
the fiber. The amount of added Raman gain is slightly higher at shorter wavelengths 
to allow for greater span loss. The effective noise figure for the Raman-pumped fiber 
can also be seen in Fig. 4.10 and shows a worse performance at shorter wavelengths. 
This is predominantly due to increased spontaneous emission as the pump and signal 
wavelengths approach each other, although the effect of increased fiber attenuation 
pump wavelengths and interpump SRS also contribute. Numerical simulations give 
excellent agreement and can show the result of reducing the spontaneous noise factor 
( E ) to 1 photon per mode (at OK). It can also be seen that a temperature variation 
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Fig. 4.10. Effective noise figure and span loss for 80 km distributed amplifier at various tem- 
peratures. 



of between — 20°C and 80°C causes approximately 1 dB change in the effective 
noise figure at short wavelengths. This temperature dependence would need to be 
taken into account when allocating a system budget where cables suspended along 
telegraph pylons may experience temperatures of — 40°C whereas those traversing 
deserts may be at +80°C. 

The reason for the large increase in spontaneous emission at shorter wavelengths 
can be understood by decomposing the gain spectrum into its constituent components 
provided by each pump wavelength. Figure 4.11 shows the results using the pump 
unit above, but providing roughly 10 dB gain. It is noticeable that the longest pump 
wavelength at 1495 nm provides the largest amount of gain over the entire bandwidth. 
Even at 1525 nm, this pump supplies 25% of the total gain. This is not always obvious 
when setting the relative pump powers inasmuch as the Raman interactions between 
the pumps will transfer energy from the shorter to the longer wavelength pumps. The 
increase in temperature-dependent noise at signal wavelengths around 1525 nm can 
be attributed to the significant contribution to the gain of the 1495 nm pump, and 
increased spontaneous noise factor as signals approach the pump wavelengths. 

4.7.3. Multiple Pump Interactions 

Another contribution to the tilt in the effective noise figure spectrum can be understood 
by studying the interaction of the pump wavelengths in the fiber. The pump wave- 
lengths will also act as Raman pumps for each other so that shorter wavelengths will 
transfer energy to the longer wavelengths. This has some advantages in that to obtain 
a roughly flat gain spectrum, most of the gain should be provided by the longest wave- 
length pump. If there were no pump interactions, the longest pump wavelength would 
need to be launched with the highest energy whereas the pump interactions allow this 
pump to obtain energy from several lower energy pumps at shorter wavelengths. 
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Fig. 4.11. Simulation showing relative contributions to a 10 dB flat gain spectrum from pumps 
at 1423, 1443, 1464, and 1495 nm. 
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Fig. 4.12. Power evolution of backward traveling pumps (upper lines) and forward traveling 
signals (lower lines). Pump wavelengths are at 1423, 1443, 1464, and 1495; signal wavelengths 
are at 1530, 1555, 1577, and 1602 nm. 



However, this pump interaction has important implications for the noise perfor- 
mance of different wavelength channels in a WDM system. The evolution of the 
backward traveling pumps for the four-pump Raman module that was constructed 
can be seen in Fig. 4.12. It is noticed that although the shortest wavelength pump 
at 1423 nm is launched with the highest power, it is quickly drained by the other 
pump wavelengths and has the lowest power after 15 km of fiber. The 1495 nm pump 







108 C.R.S. Fludger 



actually receives gain in the first 1 0 km and maintains a relatively high power through- 
out the rest of the fiber at the expense of the other pump wavelengths. This pump will 
therefore give the largest total gain and provide gain deeper into the transmission fiber. 

Four signal channels at 1530, 1555,1577, and 1602 nm which correspond to the 
peak gain wavelengths from each individual pump (see Fig. 4.12) initially undergo 
the linear loss of the fiber. At roughly 40 km into the fiber the forward propagating 
signals begin to interact with the backward propagating pumps. Since the 1423 nm 
pump has a higher power at this point in the fiber, the 1602 nm channel receives the 
greatest gain. On the other hand, the 1525 nm channel receives most of its gain at the 
far end of the fiber. 

In the counter-pumped configuration, the shorter wavelength pumps will therefore 
provide most gain at the end of the fiber, whereas longer wavelength pumps are able 
to extend gain further into the transmission fiber. Hence the effective noise figure or 
OSNR spectrum tends to show longer wavelength channels performing better than 
shorter wavelength channels. 

Figure 4.13 shows measurements and numerical simulations of the fiber loss and 
effective noise figure for 80 km of fiber using four-pump wavelengths. The pump 
power at each wavelength is varied in order to achieve an optimum flat gain spectrum 
and measurements were performed using a low-power swept wavelength source. As 
the total pump power is increased and the fiber loss is reduced, the effective noise 
figure decreases. The results indicate that shorter wavelength channels perform worse 
than longer wavelength channels, and that this difference becomes greater as the total 
pump power is increased. Numerical simulations can also be used to determine the 
effective noise figure if pump-to-pump interactions were eliminated (dotted lines), but 
at the same time, the pump powers are adjusted to give the same gain spectrum. This 
reduces the performance difference over the 95 nm bandwidth from 3 dB to 1.5 dB. 
As the gain is increased, the effective noise figure curves remain almost parallel to 
one another whereas if pump interactions are included, the long wavelength channels 
receive more benefit. 

The remaining performance difference is mainly due to the increase in sponta- 
neous emission as the signal wavelengths approach the pump. The lowest dotted line 
shows simulations with no pump-to-pump interactions and a temperature of OK. The 
effective noise figure is almost flat at —2 dB and shows the same ripple as the gain 
curve. 

4.7.4. Linear Noise Performance Under DWDM Conditions 

Raman amplifiers offer great potential because of their ability to provide gain over a 
large bandwidth. In a distributed Raman amplifier, the power of an individual signal 
channel is likely to be small in comparison to the pump and will cause very little pump 
depletion. In a DWDM system the channel count may be as high as 100 channels, 
with individual signal channel launch powers typically between 0 and +5 dBm. 
Together, these signals may present powers that are enough to saturate the Raman 
gain, requiring an increase in pump powers. As well as necessitating higher-power 
pumps for DWDM systems, complex control algorithms are needed for multiple 
wavelength Raman amplifiers because saturation will not be homogeneous. 
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Fig. 4.13. (a) Fiber transmission loss and (b) effective noise figure for 80 km TrueWave® 
RS counter-pumped at 1423, 1443, 1464, and 1495 nrn with various total pump powers. Dots 
show measurements, solid lines show numerical solutions, and dashed lines indicate numerical 
solutions without pump-to-pump interactions. 



An experiment was performed using 39 signal channels between 1530 and 
1560 nm, placed on the ITU grid. These were wavelength multiplexed and launched 
into 80 km TrueWave® RS (NZ-DSF). The laser drive currents were optimized to 
maintain the signal powers to within 0.5 dB of one another, and an attenuator allowed 
all signal powers to be varied between —10 dBm/ch and +7 dBm/ch. A polariza- 
tion scrambler operating at several MHz was used to broaden the signal spectrum to 
alleviate any Brillouin scattering. 
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The 80 km fiber was then counter-pumped using 1423, 1443, and 1464 nm FBG 
semiconductor diode lasers. At low-signal launch powers, the pumps were able to 
compensate for the entire span loss (see Fig. 4. 14(a)). As the signal power is increased 
to typical operating conditions (0 dBm/ch), pump depletion occurs and the overall 
gain is reduced. The effective noise figure (Fig. 4.14(b)) increases due to a drop 
in gain, and the tilt in the gain and effective noise figure becomes greater due to 
SRS interaction between the channels. Numerically modeled results including pump 
depletion give good agreement with the measured data. 

It might be expected that inasmuch as the gain spectrum is a composite one, pro- 
duced by three individual pumps, the behavior of the amplifier is heterogeneous. This 
is indeed the case when the Raman amplifier is saturated by a single wavelength chan- 
nel [18]. The saturation spectrum can, however, behave almost homogeneously when 




Wavelength (nm) 
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Wavelength (nm) 

(b) 

Fig. 4.14. Gain saturation of an 80 km distributed Raman amplifier using True Wave® RS 
(NZ-DSF) and (b) effective noise figure. Dots show measured results and solid lines show 
simulations. 
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saturated by a DWDM signal, extracting power from many pump wavelengths [19]. 
A large amount of the total pump power is launched at the shortest wavelength due to 
pump-to-pump interactions. A DWDM system may significantly deplete this pump 
wavelength, reducing the gain for short wavelength channels and reducing the amount 
of power available to be drained by the longer wavelength pumps. Because the long- 
wavelength pumps have less power, they also provide less gain. The overall result 
is a gain spectrum that saturates almost homogeneously although SRS interaction 
between signal channels can produce some tilt. 

A control loop may be adopted to modify the pump powers at 1423, 1443, and 
1464 nm, in order to maintain the gain at a constant level. An optical spectrum 
analyzer was used to measure the signal powers, and the pump powers were modified 
to clamp the gain. The effective fiber loss (shown in Fig. 4.15(a)), was kept constant 
at about —5 dB although the signal launch power was varied from —10 dB/ch to 
+5 dB/ch. A small discrepancy of about 0.8 dB can be seen at 1555 nm, due to 
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Fig. 4.15. (a) Measured and simulated gain spectra for different signal launch powers using gain 
control and (b) measured and simulated effective noise figures. Dots indicate measurements 
and lines show simulated results. 
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limited precision in adjusting the pump powers. Without Raman pumping, the SRS 
gain tilt between signal channels is almost 2 dB. When the pump powers are adjusted 
to maintain a constant Raman gain, the SRS tilt can be compensated. However, the 
tilt still manifests itself in an OSNR penalty which can be seen from the effective 
noise figure. An examination of the pump powers needed to maintain the constant 
gain spectrum reveals that under saturation, the lowest pump wavelength at 1423 nm 
requires the greatest increase with the other pumps at 1443 and 1464 nm needing 
only slight power changes. The shortest wavelength pump provides most of its gain 
at the end of the fiber and this effect is increased by pump saturation by the signals 
and depletion by the other pumps, resulting in a worse effective noise figure. Pump 
depletion shortens the effective length over which the gain occurs, resulting in the 
effective noise figure being raised. 

SRS signal-to-signal crosstalk and pump depletion results in both the tilt of the 
effective noise figure about the center channel, and an increase in effective noise 
figure. These effects can be modeled by numerical methods. 



4.8. Fundamental Limits for Discrete Broadband Amplification 



Although analytical solutions are unable to provide us with an accurate model for 
the behavior of Raman amplifiers, they can be used to give insight into the noise 
performance limit of a single-cavity discrete Raman amplifier. In a discrete Raman 
amplifier, the wavelength dependence of the noise figure will be determined by four 
main factors. These include the gain spectrum and component losses at the amplifier 
input, SRS interactions between the pump wavelengths, and increased spontaneous 
emission due to the thermal distribution of phonons in the ground state. 

In order to investigate the best performance of a discrete single cavity, 
counter-pumped Raman amplifier , the undepleted pump approximation is used, and 
later a lossless fiber is assumed. If the pump-to-pump interactions were included, the 
performance of the shortest wavelength signals would suffer as a result of a reduction 
of gain at the front of the amplifier. To obtain the optimum performance for a single 
cavity, the fiber loss is ignored, and at best, no pump interaction occurs. The gain (G) 
is given by 

G — exp + L eff ^ C Ri P,,; j = exp(-aL) [~[ gj, (4.33) 

where L is the fiber length, a is the fiber attenuation, and L e tf is the effective length 
of the fiber. Cm is the Raman gain efficiency for a signal interacting with the i th pump 
at power Ppi, and gi is the gain given by the /th pump. The amplified spontaneous 
emission A(L) at the end of the amplifier stage is given by 
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In the limit of a high gain and lossless fiber, the noise figure for the Raman amplifier 
is given by 



F = 



1 

G 



2 A(L) 
hvG 



£ Ei ln( 8i ) 

2 — . 

E ln (gi) 



(4.35) 



This simple but important equation indicates that the noise figure is dependent on 
both the spontaneous emission factor E , , and the relative amount of gain provided 
by each pump wavelength. This sets a compromise between broadband and low 
noise operation in a single gain stage. If the pump and signal are widely spaced, the 
spontaneous emission factor will tend to one. This is usually the case with a single 
Raman pump at 1455 nm and a signal at the peak gain wavelength of 1550 nm, 
resulting in a high gain and a low noise figure. When the signal and pump lie close 
together, the spontaneous emission factor may be large. If the ratio of the gain given 
by that pump to the overall total gain from all the pumps is small, the noise figure 
will also tend to 3 dB. However, if a pump provides a large amount of gain to the 
closely spaced signal, there will be a large increase in the excess spontaneous noise. 
Figure 4.16(a) shows the simulated gain spectrum for a five-wavelength pumped, 
single-cavity discrete Raman amplifier. The relative gains from each pump were 
chosen to give the broadest and flattest spectrum with the highest pump wavelength 
at 1495 nm and the lowest signal near 1500 nm. It can be seen that the 1495 nm pump 
provides the largest gain and makes a significant contribution at shorter wavelengths. 

Using Eq. (4.35), Fig. 4.16(b) shows the best achievable internal noise figure for 
this discrete Raman amplifier stage. It can be seen that since a substantial amount of 
the total gain at shorter wavelengths is given by the 1495 nm pump, there is increased 
spontaneous emission as the signals approach the pump. At room temperature, the 
internal noise figure of the amplifier is between 5 and 6 dB below 1520 nm. The total 
noise figure of the amplifier will be greater than this once fiber loss and the insertion 
loss of components at the amplifier input are included. As the temperature varies 
between 253K (— 20°C) and 353K (+80°C), the noise figure varies by between 0.5 
and 0.75 dB. At much lower temperatures, the phonon distribution is reduced and the 
spontaneous emission factor tends to one, reducing the noise figure to the quantum 
limit of 3 dB. 

Although this places a limit on the performance of a single-cavity, counter-pumped 
Raman amplifier, schemes may be devised in order to enhance the gain from the 
shorter wavelength pumps at the front end of the overall amplifier. In particular, the 
amplifier could be split into several stages where the shortest wavelength pumps were 
used in the first stage, and the longest wavelength pump only provides gain in the 
last stage. The enhanced noise contribution from the long wavelength pump would 
be suppressed by the gain in the first stages. In practice, the fiber and component 
loss experienced by the long wavelength signals will probably remove any benefit. 
Alternatively, a copumping scheme could be used for the shortest wavelength pump. 
Although the ASE performance would be improved, penalties may occur due to the 
fast-gain dynamics of the amplifier. 
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Fig. 4.16. (a) Composite gain spectrum for a discrete Raman amplifier pumped with five 
wavelengths; (b) best achievable noise figure for a broadband single-cavity, discrete Raman 
amplifier at various temperatures. 



4.9. Measurements of Commercial Transmission Fiber Types [20] 

The Raman gain experienced by a signal depends upon both the doping of the fiber and 
the wavelengths of pump and signal. Many modern fibers use depressed cladding and 
doping to control the chromatic dispersion and mode field of the signal. To predict 
the performance of an optical communications system, it is more useful to define 
a coefficient that is specific to a given fiber type. This is the Raman gain efficiency 
coefficient ( Cr ) and can take into account the mode overlap of pump and signal fields, 
and may be easily measured [21]. The experimental setup is shown in Fig. 4.17. The 
tunable laser is swept from 1460 nm to 1600 nm and the power spectra recorded using 
an optical spectrum analyzer (OSA). The fiber under test is reverse-pumped using a 
pair of optical circulators and a high-power 1455 nm fiber laser. 

The reverse-pump power of the 1455 nm laser in the fiber under test was measured 
using a high-power detector. By recording the optical spectrum with and without the 
Raman pump (G n ), the Raman gain efficiency coefficient can be determined from 
the undepleted pump approximation: 
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x km fiber under test 




Pump Out Pump In 

Fig. 4.17. Experimental setup for measuring Raman gain efficiency. 



Cr(X, 1455mm) = 



gi?W 

A e ff(s,p) ' K 



In (Gg(X)) 
P P • L eff ’ 



(4.36) 



where Cr(X) is the Raman gain efficiency (W -1 - km -1 ) using a depolarized 1455 
nm pump of power P p (W). L e ff is the effective fiber length (km) defined at the 
pump wavelength with fiber attenuation a p : 



Leff = ( l-e- a " L )/u p . 



(4.37) 



Because this equation is only valid for small signal gain, in the case of negligible 
pump depletion, measurements of the output pump power were taken for various input 
signal powers to ensure that the pump was not being depleted. At low pump powers 
the gain is small, which makes errors in measuring the gain appear more significant. 
At high pump powers and for long fiber lengths, there is a significant amount of 
amplified spontaneous emission generated which can give erroneous measurements 
of the output signal power. For very high gains and pump powers, the amplifier may 
lase and the signal power becomes unstable. 

Measurements were performed on a range of modern transmission fibers: con- 
ventional NDSF, Corning LEAF, Corning DSF, Corning NZ-DSF, Lucent Allwave 
(similar to NDSF but with low water loss). Lucent TrueWave® RS, pure-silica core 
as shown in Table 4.1. 

From the Raman gain efficiency spectra (Fig. 4.18) it can be seen that the smaller 
core, dispersion-shifted fibers show a larger amount of gain and that the conventional 
NDSF, the new Allwave and pure-silica core fibers have the least. The shape of the 
curves is also similar although the peak at 430 cm -1 is more pronounced for the 
dispersion-shifted fibers which tend to have a greater amount of germania. A compar- 
ison with the pure-silica core fiber shows a reduction in the peak at 430 cm -1 and a 
larger peak at 490 cm -1 as highlighted by Davey et al. [22], The fiber loss (shown in 



Table 4.1. Transmission Fiber Data 



Fiber 


Allwave 


Coming 

NZ-DSF 


LEAF 


NDSF 


TrueWave® 

RS 


Pure Silica 
Core 


Coming 

DSF 


Length (km) 


40.1 


19 


15.1 


13.2 


40.6 


40 


24.3 


Eff. Area at 
1550 nm (/xm 2 ) 


80 


50 


75 


80 


55 


110 


55 
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Fig. 4.18. Raman gain efficiency spectra for various modern transmission fibers. 




Wavelength in nm 



Fig. 4.19. Attenuation curves for various modern transmission fibers. 



Fig. 4.19) is also important for efficient Raman amplification and good signal trans- 
mission. For gain in the low-loss window used by modern optical communications 
systems (1520 to 1620 nm), a Raman pump is needed between 1400 and 1500 nm. 
This lies close to the water absorption peak in many optical fibers. Fiber types such as 
Allwave have eliminated this excess loss, which allows the pump to propagate farther 
into the transmission fiber. Other fiber types such as LEAF or True Wave® RS, have 
a greater signal and pump attenuation but also give a higher Raman gain efficiency, 
and require less dispersion compensation. In many cases, optical communications 
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systems are designed for an existing fiber infrastructure. Accurate measurements of 
Raman gain will be an essential fiber parameter when upgrading or installing new 
systems. 



4.10. Analysis of Relative Linear Noise Performance of Different 
Transmission Fibers [20] 



The Raman gain spectra and fiber attenuation data may be used to predict the im- 
provement in system performance by using distributed Raman preamplification in 
the system fiber. The numerical model can be used to predict the effective fiber loss 
and noise figure of a Raman-pumped transmission fiber. In order to compare the ef- 
fects of Raman gain on the optical signal-to-noise performance of a future system, 25 
dB spans of each fiber were compared, each with 0.5 dB connector loss. 40 channels 
were simulated at 100 GHz spacing, centered in the conventional EDFA band (1530 
to 1565 nm), each launched at +5 dBm. The signal fiber attenuation was set at that 
of the 1530 nm channel so that the variation of fiber attenuation with wavelength did 
not affect the OSNR. 

The total noise figure of the system was calculated by cascading the noise figures 
and gain for the Raman transmission fiber and the EDFA amplifiers (6 dB noise figure). 
The arrangement for the components can be seen in Fig. 4.20. The gain of the EDFA 
is matched to the effective loss of the fiber so that the total system is transparent. 
It is assumed that the noise figure of the EDFA remains constant, even though the 
effective gain of the amplifier has dropped. For this analysis, the noise was calculated 
in a bandwidth of 0.5 nm and five spans were used. The noise figure (Fj ) for k stages 
is given by 



F t = Fr i 



Fedfai — 1 



Fr2 — 1 



Gri GriGedfai 
F R k - 1 






FEDFAk ~ 1 
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(4.38) 



Stage 1 Stage k 





Fig. 4.20. System configuration for analysis. 
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where k is the number of stages, Fe d fa and Gedfa are the noise figure and the gain 
of the EDFA, respectively, and Fr and G r are the noise figure and gain ( tranmission 
coefficient) for the Raman-pumped fiber. The optical signal-to-noise ratio can be 
calculated according to: 



/ / = 



Pcise 

hvAvGj 



1 

Gj 



OSNR = 



a °e hvAvk 






(4.39) 

(4.40) 



where h is Planck’s constant, v is the signal frequency, and Av is the optical band- 
width. Two pump wavelengths at 1427 and 1455 nm were simulated to produce a 
relatively flat gain spectrum, and the OSNR from the 1530 nm channel (worst case) 
was compared for each transmission fiber. 

Figure 4.21 shows the variation of system OSNR (in 0.5 nm bandwidth) and 
individual-stage pumped fiber loss for the 1530 nm channel. It can be seen that an 
improvement in OSNR of 5 to 6.5 dB can be expected for pump powers of 500 
mW, which is the current Class 3B laser safety limit. In Raman pumping the system 
fiber’s effective loss decreases by between 10 and 16 dB. The most effective fiber 
for distributed Raman gain is the Corning NZ-DSF fiber which gives slightly better 
performance over a standard dispersion-shifted fiber. The NDSF and Allwave fibers 
gave the least amount of improvement although the simulations indicate that although 
there is a large variation in the distributed gain between the fibers, the change in 
OSNR is not so dramatic. However, the pump requirement to achieve a given OSNR 
improvement can vary by 200 mW. It should also be remembered that only the linear 
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Fig. 4.21. Effective fiber loss and OSNR improvement for various Raman pump powers and 
fiber types. 
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noise performance has been considered here, and the presence of nonlinearities in the 
fiber will also limit the benefit seen when adding gain to the transmission fiber. 



4.11. Summary 

This chapter has focused on the linear noise performance of Raman amplifiers and 
the use of the noise figure to characterize this performance. The noise figure has 
been shown to be a useful parameter in specifying the noise produced by signal- 
spontaneous beat noise and shot noise in optically amplified systems. Although these 
noise sources are signal-power independent and can be easily quantified using an 
optical measurement, multipath interference is best characterized separately inasmuch 
as the system penalties are different. Effective noise figure has also been defined and 
can be used to show the performance benefits of distributed Raman amplification. 

A model has been presented that can fully describe the propagation of signals and 
the buildup of ASE in a Raman amplifier. Coupling between forward and backward 
traveling ASE is an important factor at high gains. Furthermore, pump interactions 
and the thermal distribution of phonons in the ground state have been shown to give 
better system performance to longer wavelength channels at the expense of short 
wavelength channels. Also, high-power DWDM signals will saturate the gain of 
distributed Raman amplifiers. Pump power control can be used to maintain a constant 
gain spectrum although the effective noise figure is still increased due to a shortening 
of the effective fiber length whereas any SRS crosstalk among the signal channels 
now manifests itself as a tilt in the effective noise figure. Measurements on several 
Raman amplified systems show excellent agreement with the numerical calculations. 
A theoretical model has been presented that shows that a single-stage, discrete Raman 
amplifier based on silica-germania will have a noise figure significantly greater than 
the 3 dB quantum limit. 

Finally, the numerical model has been used in conjunction with measurements of 
Raman gain efficiencies and loss for a variety of system fibers, in order to predict the 
linear system enhancement from distributed Raman amplification. These show a 4.5 
to 6.5 dB improvement in OSNR when using a 500 mW pump, a variation of up to 2 
dB depending on fiber type. 
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Chapter 5 



Pump Laser Diodes and WDM Pumping 



Shu Namiki, Naoki Tsukiji, and Yoshihiro Emori 



This chapter discusses issues surrounding the pump laser diodes for broadband Raman 
amplifiers, which range from fundamentals to industry practices of Raman pump 
sources based on the so-called 14XX nm pump laser diodes. It also refers to design 
issues of wavelength-division-multiplexed (WDM) pumping for realizing a broad and 
flat Raman gain spectrum over the signal band. Section 5.1 introduces fundamentals 
of pump laser diodes. Section 5.2 refers to the principle and design issues of WDM 
pumping technique. Section 5.3 discusses details of pump laser diodes and their 
efficiently combining and depolarizing technologies. Section 5.4 describes practical 
Raman pump units. And Section 5.5 briefly touches upon ongoing issues on copumped 
Raman amplifiers and their pumping sources. 

This chapter is mainly devoted to a particular type of pump laser diodes called 
InGaAsP/InP GRIN-SCH strained layer MQW structure with BH structure, which is 
most widely used in the market. 



5.1. Fundamentals of Pump Laser Diodes 

Although an origin of high-power 14XX nm laser diodes derives from the motivation 
toward commercialization of Raman amplifiers for telecommunications [1], such 
lasers were extensively developed as a 1480 nm pump laser for EDFA (erbium-doped 
fiber amplifier) [2-5]. The increase of channel counts in WDM systems has been 
a driving force for the development of high-power pump lasers. And also, high- 
power 14XX nm pump lasers triggered the actual applications of Raman amplifiers 
to commercial WDM systems [6, 7]. 

Since over-200 mW output 14XX nm laser modules [8, 9] appeared in commercial 
use in 1998, the development of the high-power 14XX nm laser has been accelerated 
drastically. Up to now, 400 mW fiber-coupled power was practical [10]. 

The performance of a high-power pump laser with high reliability is limited by 
the following two factors, maximum fiber coupled power and maximum operating 
ambient temperature. 
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In order to achieve higher maximum fiber coupled power, it is necessary to max- 
imize the facet power from the laser chip and coupling efficiency between the laser 
chip and optical fiber. The simple way to obtain higher optical output is to op- 
erate the laser chip at a large injection current. This causes, however, the larger 
power consumption and higher junction temperature of the laser chip to worsen 
reliability. 

The maximum operating ambient temperature is determined by the power con- 
sumption of the laser chip, the thermal impedance throughout the heat dissipation 
path inside the laser module, and the heat absorption performance of the thermo- 
electric cooler (TEC). The power consumption of the laser chip becomes larger with 
increasing operating current of the laser chip. This increases the TEC heat load, and 
then the power consumption of the TEC increases drastically, making high ambient 
temperature operation difficult. Thus, it is critically important to reduce the power 
consumption of the pump laser module. The solutions are to reduce the series re- 
sistance and thermal impedance of the laser chip [10, 11]. And the TEC should be 
optimized according to the laser operating power [10, 11]. 

In this section, fundamentals are described for a high-power pump laser with high 
reliability. 



5.1.1. Laser Diode Technologies for High-Power Operation 

The principal part of 14XX nm laser chips is made of GalnAsP/InP compound 
semiconductor grown by epitaxial growth techniques such as MOCVD (metal or- 
ganic chemical vapor deposition) and MBE (molecular beam epitaxy). To enhance 
the stimulated emission for laser operation we need population inversion in the semi- 
conductor laser by current injection. To achieve population inversion efficiently, 
a double-heterostructure (DH) laser [12], in which the thin semiconductor active 
layer is sandwiched between layers of different semiconductor compounds, has 
been widely used as a basic structure for highly efficient laser diodes. Figure 5.1 
shows the schematic representations of the band diagram under a forward-bias 
condition, the refractive index profile, and the optical-field distribution of light gen- 
erated at the junction of a DH laser. As can be seen in Fig. 5.1, because the bandgap 
energy of the active layer is lower than other layers, the carriers are confined in- 
side the active region — where radiative recombination occurs — by the heterojunc- 
tion barriers, preventing the carriers from moving out of the active region without 
recombination. 

Because the refractive index of the active layer is larger than the index of its 
surrounding layers, a three-layer optical waveguide is formed in parallel to the layer 
interfaces. To achieve more efficient confinement of both the carriers and radiated 
lightwave, widely applied for high-power 14XX nm pump lasers is the so-called 
GRIN-SCH strained layer MQW structure with BH structure, which stands for graded 
index, separate confinement heterostructure strained layer multiple quantum well 
structure with buried heterostructure [13, 14]. The details are discussed in the subse- 
quent sections. 
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GalnAsP(Act.) 



P-GalnAsP 



n-GalnAsP 




Fig. 5.1. Schematic representations of, from 
the top to the bottom, the layer structure of 
material, the band diagram under a forward- 
bias condition, refractive index profile, and 
optical-field distribution of light generated at 
the junction of a DH laser. 




5.1.2. Laser Diode Structure 

The active layer of most pump lasers consists of a compressive strained MQW with 
GRIN-SCH layers. Figure 5.2 shows a typical band diagram of the active region of 
pump laser [13]. 

Compared to a lattice-matched MQW active layer or a bulk type active layer, a 
compressive strained MQW has the advantage of obtaining a larger optical gain at the 
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same injection current. In the case of a laser with a compressive strained MQW active 
layer, sufficient laser oscillation could be achieved with a small optical confinement 
factor because of large optical gain. Here the optical confinement factor represents 
the ratio of the optical intensity distributed in the active layer to the total optical 
intensity. We note that the small optical confinement factor decreases the internal loss 
of the laser cavity. Thus we are able to lengthen the laser cavity, which reduces both 
series resistance and thermal impedance of the laser chip, keeping the slope efficiency 
(W/A) sufficiently high. Here the slope efficiency is defined as the ratio of the optical 
output change to the change of injected current. 

In addition, the small optical confinement factor allows adoption of a lower equiv- 
alent refractive index difference between the active region and the InP cladding layers. 
This small refractive index difference widens the cut-off width of the active optical 
waveguide. Here, the cut-off width is defined as the maximum width in which only 
one fundamental transverse mode is excited. Thus it is desirable to adopt the compres- 
sively strained MQW active region, because we can widen the active region stripe as 
well as lengthen the laser chip cavity. As a result, we can reduce both series resistance 
and thermal impedance, and hence achieve high-power operation of the laser. 

GRIN-SCH structure has an advantage of higher carrier injection efficiency into 
the active region in comparison to a single-step SCH structure. This enables both low- 
threshold and high-power operation. Thus compressive strained MQW with GRIN- 
SCH structure is suitable for realizing high-power semiconductor lasers. 

Figure 5.3 shows the so-called BH-structure of the laser chip [10, 11], The p-n- 
p-InP current blocking layers are formed around the active region, which minimize 
the leakage current and stable fundamental transverse mode operation. BH-structure 
can be so designed as to realize a nearly round shape beam pattern, leading to a 
high coupling efficiency between the laser chip and a single-mode fiber. To obtain 
higher output power from the front facet, both AR (antireflection) film and HR (high- 
reflection) film are coated on both the front and rear facets, respectively. 




Fig. 5.3. Laser chip the structure. 
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5.1.3. Laser Module Structure 

Figure 5.4 shows the appearance of the 14-pin butterfly laser module [10, 11]. Here 
the optical fiber is fixed to the package via sleeve by YAG laser spot-welding. 

Figure 5.5 shows a cross-sectional view of the laser module [10, 11]. A pump laser 
module consists of the laser chip, an optical coupling system so as to couple the laser 
beam launched from the laser chip to the optical fiber, and a TEC. The temperature 
of the laser chip is measured by a thermistor sensor mounted near the laser chip and 
stabilized by the TEC. The laser chip is mounted on the TEC via the submount (heat 
sink). 

Generally, the laser chip launches a light beam in a cone angle of approximately 
20 degrees. The optical beam is collimated by the first lens, and then is focused by 




Fig. 5.4. Pump laser module. 




Light 

Output 



Fig. 5.5. Cross-sectional view of pump laser module. 








126 S. Namiki et al. 



the second lens on the core facet of the optical fiber. The position accuracy of these 
optical components should be within 1 to 10 fim. In particular, the core position of 
the optical fiber should be fixed with submicron accuracy. The laser chip is spatially 
coupled to the optical fiber through these two lenses; therefore it is easy to insert 
optical “bulk” components such as an optical isolator between the first and second 
lenses. 

5.1.4. Performances 

Figure 5.6 shows typical L-I (light output, L versus current, I) characteristics of the 
high-power 14XX nm pump laser. The laser has 1.5 mm long cavity and is operated 
at a laser chip temperature of 25°C. Fiber-coupled power of 400 mW was obtained at 
an operation current of 1270 mA. The maximum output power reached a half watt, 
which was limited by thermal roll-off. 

Figure 5.7 shows the relation between the fiber-coupled power and laser-driving 
power of this device. Figure 5.8 shows the cooling capacity of the TEC of this pump 
laser module. It is noteworthy that this pump laser module can be operated up to 
75°C of case temperature. Figure 5.7 shows that the electrical power of 2.8 W is 
consumed when fiber-coupled power of 400 mW is required. In addition, as Fig. 5.8 
demonstrates, TEC draws an electric power of 7.2 W when case temperature should 
sustain at high temperature of 75°C under the same fiber-coupled power as the above. 



5.1.5. Reliability 

Figure 5.9 shows the life test result which plots the change in operating current of the 
18-laser chips with 1.5 mm cavity length at 80% of maximum output power for over 




Fig. 5.6. L -1 characteristics of a typical Fabry-Perot 1480 nm pump laser. 





5. Pump Laser Diodes and WDM Pumping 



127 





Fig. 5.8. TEC operating power versus laser operating power of a typical Fabry-Perot 1480 nm 
pump laser. 



5000 hours at 60°C [10]. They exhibited a stable operation, and any random sudden 
failures have never been observed. 

Through accelerated aging tests for various conditions, median lifetimes could 
be obtained for the four types of lasers with different cavity lengths of 0.8, 1, 1.3, 
and 1.5 mm, respectively; those were plotted in the Arrhenius relationship, as shown 
in Fig. 5.10 [10]. The activation energies of the median lifetime were almost the 
same value of 0.62 eV for all four types of lasers. The 1.5 mm cavity chips were 
operated in a higher-power condition at the same junction temperature, compared 
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Aging Time (Hrs) 



Fig. 5.9. Life test drift plots. 




1000/Tj (1/K) 

Fig. 5.10. Arrhenius relationship plots. The numbers in mm represent the cavity length of the 
samples. 



with shorter cavity laser chips. However, the laser chip with 1.5 mm cavity has a 
longer median lifetime than the others. This indicates that the laser chip does not 
degrade due to the optical power itself within the present optical power range. Using 
this activation energy and thermal impedance of 1 1 K/W in the butterfly package as 
shown in Fig. 5.4, the median lifetime was estimated to be around one million hours 
for 275 mW fiber-coupled power in a 1.5 mm cavity laser chip at 25°C. 
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The reliability of laser modules is closely related to the following considerations: 

(i) The displacements should be minimized at any mechanical joints by avoiding the 
creep in solder or the cracks at spots of YAG laser spot-welding. 

(ii) Metal parts should be carefully designed with respect to mechanical structure 
accounting for thermal expansion in order to avoid deformation of piece parts 
and members. 

(iii) Contamination should be minimum in package sealing by keeping clean facets 
on the laser chip, package window, fiber edge, and lenses, in order to suppress 
package-induced failure. 

In addition, according to the recent increase in output power of the laser chip, en- 
durance against high optical power exposure to optics such as the lens, isolator, 
coupler, and fiber has to be guaranteed. 



5.2. WDM Pumping for Broadband Raman Amplifiers 

5.2.1. Principle 

If we denote the frequencies of pump light, optical phonon, and signal light as v p , v p i , , 
and v s , respectively, the stimulated Raman scattering can occur when 



G — v p Vpli- (5.1) 

Suppose that multiple pump frequencies are incident to the Raman medium; then 
we will have each individual stimulated Raman scattering corresponding to each pump 
frequency simultaneously. Namely, for the i th pump frequency, the above process will 
become 



G , i — Vpi V p/j . 



(5.2) 



This means that different frequencies of signal light can receive gain individually 
from different frequencies of pump light in one Raman medium at the same time. This 
feature is important for broadband amplification used in WDM transmission, because 
we can realize a broad and flat spectral shape of Raman gain in the optical fiber by 
using multiple pump frequencies. In this chapter, we call this pumping scheme “WDM 
pumping,” as pump lasers are wavelength-division-multiplexed in such schemes. 

In optical fiber, the optical phonon shows a broad continuum spectrum. Therefore, 
the Raman gain spectrum generated by one frequency of pump light is already broad 
over 10-20 nm in the 1550 nm signal wavelength range. As a result, in WDM pumping, 
each Raman gain caused by each frequency of pump light typically overlaps the other. 
Therefore, in contrast to Eq. (5.2), one signal frequency will receive a sum of the 
overlapped gains from the different pump frequencies. 
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Let us consider the evolution of signal light power along distance and define the 
Raman gain coefficient. If we account for attenuation of the optical fiber and Raman 
gain by the single-pump frequency only, then the evolution of signal light power is 
written as [15] 

—jT^- = 8r( v P’ v s) 7 p(z) h (z) - a I s , (5.3) 

where I s and I p are powers of the signal and pump light, respectively, z is the propa- 
gation distance, g p is the Raman gain coefficient as a function of the pump and signal 
frequencies, and a is the fiber attenuation coefficient. In the case of WDM pumping, 
the above equation is modified to 

C ^j^- = '^gR(Vp,i,Vs) I p ,i(z) I s (z) - ah , (5.4) 

i 

where subscript i denotes the / th pump frequency. The on-off Raman gain at the fiber 
output at distance L is then expressed in linear scale as 



Y.gR( v p,i’ v s'> I pj( z " lL 
G lifi. = & 1 



(5.5) 



where I p j(z ) denote the path average power of I p j over distance L. If we express 
the above equation in terms of dB units, we have 

GdBCc'Yl,gRiy p ,i, v s ) I p ,i(z)L 
i 

= ^CigR(v p j,v s ), (5.6) 

i 

where C; is defined as a weighting factor for the i th pump frequency. This indi- 
cates that the composite Raman gain spectrum is expressed as the logarithmic sum 
of individual Raman gain spectra generated by different pump frequencies differ- 
ently weighted by the path average pump powers, and laterally shifted by the pump 
frequency difference with respect to each other. It is convenient to exploit this “su- 
perposition rule” for designing composite Raman gain spectra obtained with various 
sets of pump frequencies. 



5.2.2. Design Issues 

For WDM transmission, Raman amplifiers are usually so designed as to provide broad 
and flat gain spectra under different constraints in terms of number of pumps, range 
of signal band, type of fiber used, amount of target gain and gain flatness, and so 
on. One convenient way to design a broadband Raman amplifier is: determination of 
pump wavelengths, followed by estimation of how much pump power is necessary 
for each pump wavelength, and finally configuration of passive combiners [16], 
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Using the superposition rule discussed in the previous section, we can iteratively 
but easily determine an optimum set of pump wavelengths. As we determine which 
fiber we use, the Raman gain coefficient spectrum is given. Then, in the frequency 
domain, setting the pump frequency fixes the lateral position of the Raman gain 
spectrum. As we learned in the previous section, the spectral profile of the Raman 
gain coefficient appears as logarithmic Raman gain. The magnitude of logarithmic 
Raman gain is given through the path average pump power that is yet unknown at 
this stage. The important purpose of this stage is to test whether the given set of pump 
wavelengths is sufficient for the required target gain shape. In this respect, we can 
use arbitrary weighting factors to adjust the magnitude of the Raman gain, regardless 
of discussing how much pump power we need. 

Once we choose a set of pump wavelengths, a composite logarithmic Raman 
gain is thus easily obtained through simply summing each logarithmic Raman gain 
in accordance with Eq. (5.6). Adjusting the weighting factors, we can see possible 
composite gain spectra for the given set of pump wavelengths to find the desired 
shape. 

Figure 5.11 shows an example of how the superposition rule agrees well with the 
measurement. In this example, 1 1 pump wavelengths are used. The plots compare 
the composite gain with adequate weighting factors with that actually obtained from 
experiment with adequately adjusted pump powers. 

One simple question may naturally arise: How should we pick up a set of wave- 
lengths in the very first place? It is not so simple to answer this question in general, 




Fig. 5.11. Experimental verification of superposition rule. 
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Design parameters: 
wavelength allocation 
contributed gain allocation 



Specifications: 

fiber type, gain and flatness 
bandwidth, number of LDs 




Pump wavelength [nm] 



Wavelength [nm] 



(a) 



(b) 



Fig. 5.12. Design of broadband Raman amplifier; (a) pump wavelength allocation with weight- 
ing factors (contributed gain); (b) the corresponding composite gain spectra. 



but here is a hint from which we may understand how a composite Raman gain spec- 
trum is formed. The Raman gain spectrum in optical fiber usually has an asymmetric 
shape around the peak: namely, it has a steeper slope on the high frequency side of 
the peak. If we try to realize a flat-top spectral shape using WDM pumping and the 
superposition rule, we should compose the equal-degree but opposite slopes to be 
added to each other. Because of its asymmetric shape, we need to prepare a number 
of tiny Raman gain curves slightly shifted from each other to make up a smooth slope 
opposite to the slope that appears on the low-frequency side of the peak in a gain 
curve caused by a single pump frequency. Figure 5.12 shows an example of how 
we construct such opposite slopes. In this case, we use five pump wavelengths, and 
the four shorter pump wavelengths are exploited for constructing the smooth slope, 
labeled B, opposite the slope by the longest pump wavelength labeled C. The inter- 
val between the curves B and C is so adjusted as to best achieve the flat and broad 
composite gain shape labeled Ain Fig. 5.12. The ordinate of the graph Fig. 5.12(a) is 
labeled “contributed gain,” by which we mean the weighting factor Cj in Eq. (5.6). 

Once we fix the wavelength of each pump to be used in the system, we then 
need to estimate how much pump power is required for each pump. For this purpose 
we have to calculate the path average power of each pump. Calculating the path 
average pump power is not straightforward as each pump is subject to pump-to-pump 
energy transfer caused by stimulated Raman scattering among pumps. Due to pump- 
to-pump energy transfer, pump light at shorter wavelengths suffers from extra loss 
whereas pump light at longer wavelengths receives gain from pump light at shorter 
wavelengths. Therefore, pump light at different wavelengths experiences different 
evolutions. Figure 5.13 shows the simulated evolutions of five pump wavelengths 
with 100 mW incident powers launched into a dispersion-shifted single-mode fiber 
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Fig. 5.13. Different power excursions of different pump wavelengths due to pump-to-pump 
Raman interactions. 



(DSF). As shown in the figure, we can see that the shortest pump wavelength suffers 
from the largest attenuation and the longest pump wavelength experiences a gain. 

A general numerical model for stimulated Raman scattering in the case of WDM 
pumping is written [16-19]: 



d_Pl 

dz 
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(5.7) 



/x<r 



where subscripts /i and v denote optical frequencies, superscripts + and — denote 
forward- and backward-propagating waves, respectively, P v is optical power within 
infinitesimal bandwidth Av around v, a v is the attenuation coefficient, e v is the 
Rayleigh backscattering coefficient, A v is the effective area of optical fiber at fre- 
quency v, g jlv is the Raman gain parameter at frequency v due to pump at fre- 
quency jjL, h is Planck’s constant, T is temperature, and A/x is the bandwidth of 
each frequency component around frequency /z. © ( v p — v s . T) is the mean number 
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Design parameters 
Peak Raman gain : 10 dB 
Gain band : 1525-1615 nm 




Number of pump channels 
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Fig. 5.14. Flatness and the number of pump channels. Inset shows examples of flat composite 
gain spectra of optimally allocated 3, 4, and 6 pump wavelengths. MZI filters are plotted only 
for 6 and 12 pump channels. 



of phonons in thermal equilibrium at temperature T, or the Bose-Einstein factor: 



@(v p - Ms, T) = 



1 





~h(v p - v s )" 




exp 


kT 


— 1 



(5.8) 



In this model, we include pump-to-pump, pump-to-signal, and signal-to-signal Raman 
interactions, pump depletions due to Raman energy transfer, Rayleigh backscattering, 
fiber loss, spontaneous Raman emission noise, and thermal noise. For calculation of 
Fig. 5. 13 or the path average power only, we may ignore the Rayleigh scattering term 
and noise terms. 

Let us now discuss how many pump wavelengths should be used. The answer, of 
course, depends upon details of the system of interest. It may be straightforward that 
a larger number of pump wavelengths for a given bandwidth can realize a smoother 
and flatter gain shape. Figure 5.14 plots the relation between the gain ripple and the 
number of pump wavelengths for C- and L-band operation. Using more than 10 pump 
wavelengths, less than 0.1 dB of gain flatness can be achieved. In Fig. 5.14, arbitrary 
pump frequencies were used for dielectric filters, and regular frequency intervals were 
used for Mach-Zehnder interferometer (MZI) filters. 



5.2.3. Requirements for Pump Sources 

The key device for Raman amplifiers is undoubtedly the pump laser. Broadband 
Raman amplifiers became commercially practical once high-power pump laser diodes 
for WDM pumping were developed. For C- and L-band Raman amplifiers, pump 
wavelengths should range roughly from 1400 to 1500 nm. This is why we sometimes 
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call the pump lasers for WDM pumped Raman amplifier “14XX nm pumps.” In this 
section, we briefly discuss the requirements for 14XX nm pump laser diodes. 

There are three pumping schemes for Raman amplifiers. The most common is 
called “counter-pumping,” in which the pump and signal propagate in opposite direc- 
tions. Another scheme is called “copumping,” in which the pump and signal propa- 
gate in the same direction. The third scheme is “bidirectional pumping.” Copumping 
gives rise to noise transfer from pump to signal. It also suffers from larger effects of 
polarization-dependent gain and nonlinear signal phase shifts. 

Some important characteristics of pump lasers for WDM pumping are high power, 
high efficiency, wavelength stability, high reliability, low relative intensity noise 
(RIN), low degree of polarization (DOP), high threshold of stimulated Brillouin scat- 
tering (SBS), and so on. 

WDM pumping is advantageous because the use of more pump wavelengths can 
improve gain flatness and reduce the pump power per pump laser at the same time. A 
14XX nm pump laser for WDM pumping is typically required to have 100 to 300 mW. 
These output power values are now commercially available. The use of a polarization 
beam combiner (PBC) can further reduce the necessary output power per laser, or 
increase the combined pump power at one pump wavelength. 

A relatively narrow spectral width and wavelength stability are particularly im- 
portant for WDM pumping. This is mainly for two reasons: because the gain spectral 
shape is susceptible against the wavelength shift, and because pump lasers with dif- 
ferent wavelengths must be efficiently combined through WDM couplers in WDM 
pumping. In order to maintain a stable composite Raman gain spectra with high 
efficiency, the pump lasers must have relatively narrow and stable lasing spectra. 
Figure 5.15 shows gain error versus pump wavelength stability. In order to narrow 
and stabilize the output spectra of pump lasers, fiber Bragg grating (FBG) is typically 
used as an external cavity to the pump laser diode. 

RIN and DOP values of pump lasers are not as important for the counter-pumping 
scheme. Raman amplifiers usually employ counter-pumping because they tend to 
become immune to pump RIN and DOP as well as they better suppress fiber non- 
linearities as compared with the copumping scheme. On the other hand, the use of 
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Fig. 5.15. Raman gain variation due to —200 GHz pump wavelength shift. 
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copumping, although RIN and DOP values of pump lasers become critical, can better 
suppress multiple path interference (MPI) noise and further reduce output power per 
laser diode in the bidirectional pumping scheme. 

A good copumping laser source has yet to be developed. One fundamental trade- 
off is that better RIN characteristics usually entail a narrow linewidth of longitudinal 
modes resulting in a relatively low threshold of SBS. The final section of this chapter 
discusses details of such issues. 



5.3. Pump Laser Sources for Broadband Raman Amplifiers 

5.3.1. Types of Pump Lasers 

In this section, structures and performances are introduced for Raman pump lasers. 
In the Raman amplifier system, an appropriate choice of the pump lasers is neces- 
sary in accordance with performance requirements of the system. Table 5.1 shows 
comparison of the chip structures and package structures of various pump lasers used 
for broadband Raman amplifiers. Also, Figs. 5.16 through 5.19 show comparison of 
characteristics among various pump lasers [20, 21], 



Table 5.1. Laser Chip and Package Structures of Pump Lasers 
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LD Operating Current (mA) 



Fig. 5.16. Operating current dependencies of oscillation wavelength of laser modules at 25°C 
of T ld . 



5.3.I.I. FBG (Fiber Bragg Grating) Laser 

The FBG laser [8] is a wavelength-stabilized laser using a Fabry-Perot (FP) laser 
and an external FBG that is fabricated in the fiber pigtail as shown in Table 5.1. 
It has the features of “excellent wavelength stability,” “sufficiently narrow lasing 
spectral width,” “very high SBS threshold power,” and “comparatively large RIN,” 
as respectively shown in Figs. 5.16 through 5.19. Because of these features, it is 
currently the most widely used pump laser for backward pumping Raman amplifiers. 
A resonator of FBG laser is formed between FBG and FP laser chips that has AR 
(antireflectance) film on the front facet to reduce the influence of laser’s FP mode 
gain (see Table 5.1). And the narrow oscillation spectrum according to the bandwidth 
of FBG is obtained. Figure 5.17 shows the spectrum of the FBG laser, which contains 
FP modes, the modes resulting from the resonance due to the external cavity by the 
FBG and the envelope dictated by the reflection spectrum of the FBG. RIN spectra 
are shown in Fig. 5.18. The periodic noise peaks in the RIN spectrum of the FBG 
laser originate from resonance between the FBG and the laser chip, and appear about 
every 100 MHz, which corresponds to the distance of a laser chip and FBG of 1 m. 

However, such a long resonator gives an excellent benefit in terms of suppressing 
SBS. The FBG laser is operated in the state of so-called “coherence collapse” [22, 23]. 
In other words, the distance between the FBG and laser chip is sufficiently longer 
than the coherent length of FP laser beam. This condition makes the phase of optical 
feedback from the FBG to the laser chip random and, consequently, the linewidth 
in each longitudinal mode becomes very wide because the phase in the laser beam 
is “washed out” by the random phases. Thus, the FBG laser has wider linewidths 
compared to other types of lasers and this feature gives very high SBS threshold 
power. In fact, the SBS characteristic has the relation of a trade-off in general with 
RIN performance, as can be inferred by comparing Figs. 5.18 and 5.19. 
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Fig. 5.17. Optical output spectra of different types of pump lasers. 
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Fig. 5.18. RIN characteristics. 



Note: The threshold power of SBS is approximated by the following simple ex- 
pression [24], 



Pth = 21 



A ef.f 

(h, 1 - eff 



HFl<F b ), 



El 
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(F, > F b ) 



(5.9) 



where, F\ is the spectral line width of the laser, F b is the Brillouin linewidth, A e tt 
is the effective area of the fiber, L e ff is the effective length of the fiber, and G /, is 
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Fig. 5.19. Comparison of SBS performances for a 55 km DSF for transmission line with the 
transmission loss of 0.21 dB/km at 1550 nrn, the dispersion of —0.07 ps/km/nm at 1550 nm, 
the A e ff of 47 /xm 2 at 1550 nm. and the zero dispersion wavelength of 1551 nm. 




Fig. 5.20. Theoretical relationship between the linewidth of laser and SBS threshold power. 



the material parameter. As shown in Fig. 5.20, when the linewidth is narrower than 
the Brillouin linewidth, SBS threshold power is constant. And when the linewidth is 
wider than the Brillouin linewidth, the SBS threshold power increases proportionally 
to the linewidth of the lasing mode. 

5.3.I.2. FP (Fabry-Perot) Laser 

The detailed structure of the FP laser is described in Sections 5.1.1 and 5.1.2. The 
FP laser has a relatively good RIN as shown in Fig. 5.18, so it may be used as a 
pump light for copumped Raman amplifiers. The mean oscillating wavelength of this 
laser strongly depends on operating current. The dependency is several times larger 
than that of FBG lasers as shown in Fig. 5.16. Wavelength variation of the FP laser 
is due to the increase in junction temperature of the active region with increased 
current, and is dominated by temperature dependency of the band gap of the active 
region. Therefore, for application to Raman amplifiers, wavelength variation is often 
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compensated for by way of decreasing laser temperature according to the increase of 
the operating current. 

5.3.1.3. IGM (Inner Grating Multimode) laser 

The IGM laser [20, 21, 25, 26] is characterized by a grating layer built in the laser 
cavity. And the oscillating wavelength is stabilized by this internal grating structure 
optimized for selecting more than three longitudinal modes. By eliminating external 
FBG, a low RIN characteristic could be obtained, because the low-frequency res- 
onance between the laser chip and the FBG is also eliminated. An optical isolator 
could be integrated inside the package, because the laser chip does not need optical 
feedback from an external resonator as does the FBG laser. The dependence of the 
oscillation wavelength on the operating current in the IGM laser is dictated by the 
thermal expansion and temperature dependence of the refractive index in the internal 
grating layer. The dependence is about four times smaller than that of the FP laser. 
This laser is expected as a low-noise wavelength-stabilized pump source, particularly 
for copumped Raman amplifiers. Detailed characteristics and technical issues of the 
IGM laser are described in Section 5.2. 

Another, but similar approach to the IGM laser is multimode operation of the DFB 
laser, called the multimode DFB laser [27]. 

5.3. 1.4. Hybrid Pump 

The hybrid pump [28] is a pump laser with very high fiber-coupled power of over 1 W 
and low DOPby means of integration of a two-stripe laser chip and PBC (polarization 
beam combiner). 

The structure of the hybrid pump is shown in Table 5.1. The PBC-block is located 
between the first and second lenses. The two laser beams are combined by an integrated 
PBC, and coupled into a common SMF fiber-pigtail through the second lens. Two 
laser stripes are electrically connected in parallel. The integrated PBC includes a 
half-wave plate at one input path in order to make the two input beams orthogonally 
polarized. 

The coupling efficiency for single-mode fiber is about 80%. This value is almost 
equal to the product of the insertion loss of the PBC and the coupling efficiency 
of a conventional laser module. The width of the active layer in a hybrid pump 
is substantially twice as wide as that of a single stripe laser due to the two-stripe 
structure. And the active areas of both types have almost the same series resistance and 
thermal impedance per unit active area. Therefore, the hybrid pump has better series 
resistance and thermal impedance. In fact, the power consumption can be smaller 
than conventional single-stripe laser modules for the same optical output power. The 
power consumptions of the single-stripe laser module that has 2 mm of cavity length 
and the hybrid pump of 1.5 mm of cavity length are compared in Fig. 5.21. By using 
the hybrid pump, about 20% reduction in power consumption is achieved at the fiber 
output power of 500 mW. Moreover, as shown in Fig. 5.22, DOP was reduced to 5% 
or less, which is generally suitable for Raman amplifiers. 

This technology could be combined with either the IGM or FBG laser. 
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Fiber output power (mW) 

Fig. 5.21. Power consumption of the hybrid pump compared with a conventional single-stripe 
laser module. 




5.3.I.5. Other Types of Pump Lasers 

Besides the GRIN-SCH strained layer MQW structure with BH structure based on 
InGaAsP/InP material, there have also been proposed several laser structures suitable 
for achieving high-power output operation in the 14XX nm range. 

One approach would be widening the active stripe of the laser in order to achieve 
both low thermal impedance and low series resistance, by using laser structures such 
as the ridge-waveguide laser [29], flared laser [30], and active MMI (multi-mode- 
interference) laser [31]. 

By using the ridge-waveguide structure with a very long cavity length of 3 mm 
and a wide ridge width, maximum fiber-coupled power of 7 1 0 m W was achieved [29] . 

The cavity of the flared laser consists of a single-mode section and a flared ampli- 
fier section as shown in Fig. 5.23 [30]. The flared amplifier section has a wider area 
than the single-mode section. Over 525 mW of fiber-coupled power was reported by 
using this structure [30]. 
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Fig. 5.23. Schematic of flared laser. 



Single-mode section 




The active MMI laser has a laser cavity comprising a single-mode section and a 
multimode section as shown in Fig. 5 .24 [3 1 ] . The optical mode field of the multimode 
section is coupled into the single-mode section with very small coupling loss by the 
MMI effect. And also, the active multimode section is much wider than the single- 
mode section, resulting in a small power consumption of the laser. By this structure, 
it is reported that the electric power consumption was reduced by 50% compared to 
a conventional structure [31]. 

The other approach would be changing basic materials. By using AlGalnAs/InP- 
based ridge-waveguide structure, over 500 mW fiber-coupled power was reported 
[32]. This high-power operation was achieved by improvement in temperature de- 
pendency of lasing performances. AlGalnAs/InP materials have a larger conduction 
band offset compare to that in InGaAsP/InP, providing strong carrier confinement 
that leads to lower carrier leakage at a high operating junction temperature. 

5.3.2. Wavelength-Division-Multiplexing of Pump 
5.3.2.I. WDM Couplers for WDM Pumping 

WDM couplers are used to efficiently combine different pump wavelengths into a 
single fiber. There are a number of technologies to realize efficient WDM couplers. 






5. Pump Laser Diodes and WDM Pumping 



143 



There may be three typical types of WDM couplers for WDM pumping of Raman 
amplifiers: based on dielectric thin film interference filters, another is based on im- 
balanced Mach-Zehnder interferometers, and the fused-fiber coupler. The first type 
is also called a “bulk” type WDM coupler, as the thin film filters are so-called bulk 
optics. And in bulk type WDM couplers, light through fiber has to travel in a free 
space and pass through the bulk optics. The second type can be realized with a planar 
lightwave circuit (PLC). The third one, the fused-fiber coupler, is based on modal 
interferences in the fused fiber section. 

The frequency spacing between pumps for WDM pumping is typically from 1 
to 4 THz, because a Raman gain spectrum has approximately a few THz width. The 
spacing also depends upon the system requirements especially in terms of flatness. As 
was previously discussed with respect to Fig. 5.14, the number of pump wavelengths, 
or pump frequency spacing, determines the degree of flatness. 

The frequency, or wavelength, spacing determines in principle the passband width 
of the WDM coupler. The spectral width of pump lasers has to be narrower than the 
passband width of the WDM coupler for efficient combining. The combination effi- 
ciency of WDM couplers depends on the shape of the transmission spectrum of WDM 
couplers and the shape of the lasing spectrum of pump lasers. The typical transmission 
spectra of thin film filters and the other two types, Mach-Zehnder interferometers and 
fused-fiber couplers, are different. Figure 5.25 compares such difference. 

A merit of thin film filters is the flat-top shape of the transmission spectrum. This 
feature results in relatively stable transmission characteristics against fluctuations in 
pump wavelength. Another merit of these filters is that uneven pump wavelength 
spacing can be designed without loss of efficiency. On the other hand, both Mach- 
Zehnder interferometers and fused-fiber couplers have sinusoidal transmission spectra 
so that the pump frequency spacing tends to be periodical for relatively high efficiency. 

A merit of Mach-Zehnder interferometers and fused-fiber couplers is low excess 
loss. Both fused-fiber couplers and PLC have very low excess loss because they can 
consist of very low loss waveguides. On the other hand, bulk couplers must use free- 
space coupling optics that usually entail a coupling loss of typically 0.2 dB. But for 




Wavelength 

(a) 




(b) 



Fig. 5.25. Transmission spectra of (a) dielectric thin film filter and (b) Mach-Zehnder interfer- 
ometer. 
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Fig. 5.26. WDM coupler comprising 16 integrated Mach-Zehnder interferometers on one PLC 
chip. Courtesy ofFitel Photonics Laboratory, Furukawa Electric Co.. Ltd. 



Mach-Zehnder interferometers and fused-fiber couplers, because the transmission 
spectra are sinusoidal, the spectral width of pump lasers has to be narrower than the 
passband. 

The PLC-based Mach-Zehnder interferometer has an advantage in terms of in- 
tegration. Let us define N as the number of pump wavelengths for WDM pumping. 
Then the necessary number of WDM couplers is IV — 1. For a large number of pump 
wavelengths, say 1 2, it would be significant whether we need to use 1 1 discrete WDM 
couplers or a single all-in-one integrated PLC coupler. Figure 5.26 shows an integrated 
Mach-Zehnder interferometer coupler based on PLC. It contains 16 Mach-Zehnder 
interferometers on one PLC chip. 

5.3.2.2. PBC 

Another efficient means to combine two laser outputs is the use of the polarization 
beam combiner (PBC). The PBC is a device that efficiently combines two orthogonally 
polarized light inputs into one common single-mode fiber. Because pump laser diodes 
have linearly polarized output, two of them can be efficiently combined through a 
PBC. 

A merit of this combiner is that the output spectra of two input lasers may be the 
same or significantly overlapped. Therefore, in the case where one pump laser is short 
of its output power, we can add another pump laser by using a PBC to supplement 
the output power in one pump wavelength. Figure 5.27 shows a photograph of a 
PBC. Another merit of using this technology is low DOP, which value is important 
for a pump source to suppress the polarization-dependent gain (PDG) of the Raman 
amplifiers. Details are discussed in the next section. 

One drawback of using this technology is, of course, that it adds components and 
occupies a larger space. In the previous section, the hybrid pump was introduced. It 
contains a PBC inside the laser package so that this drawback becomes minimal. 
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Fig. 5.27. PBC. Courtesy of Fitel Products Division. Fumkawa Electric Co., Ltd. 



5.3.3. Depolarization of Pump Lasers 

Depolarization is important because the polarization-dependent gain of Raman am- 
plifiers is sensitive to the degree of polarization of pump sources. Pump laser diodes 
usually have very high DOP as the output is TE mode only, or almost completely lin- 
early polarized. This section discusses the relation between PDG and DOP in Raman 
amplifiers, and a depolarization technique of pump laser diodes. 

5.3.3.I. PDG and DOP 

Figure 5.28 plots the relation between PDG and DOP [33]. Because PDG is presumed 
to be proportional to the magnitude of Raman gain, the PDG value along the ordinate 
of the plot is normalized by the Raman gain and expressed in units of dB/dB. This 
means that for the Raman gain of 10 dB, the ordinate should be multiplied by 10 for 
the absolute PDG value. It is shown in the figure that one should reduce DOP values 
as much as the PDG value becomes sufficiently low. 

Figure 5.28 contains two plots: one is for counter-pumping and the other is for 
copumping. Raman gain occurs almost only when the states of polarization (SOP) 
of pump and signal are aligned. However, because the relative orientation between 
SOPs of the pump and signal changes during propagation through the transmission 
fiber that has slight random birefringence, the dependence of PDG on DOP is not 
straightforward. In particular, counter-pumping has less PDG for a given DOP value 
of the pump as compared with copumping. This is because counter-pumping has 
stronger averaging effects through randomizing the relative SOP orientation between 
the pump and signal. Thus the slope of the curves in Fig. 5.28 may vary for different 
types and lengths of fibers, pumping scheme, and other system parameters such as 
polarization mode dispersion (PMD). 
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Fig. 5.28. Relation between PDG and DOR Data were taken for 25 km SMF at the pump 
wavelength of 1450 nm and the peak Raman gain was 4.2 dB for counter-pumping and 3.8 dB 
for copumping. 



5.3.3.2. Design of Depolarizer 

The output from a pump laser diode is linearly polarized. The linear polarization 
state can be maintained over the fiber pigtail if one uses polarization-maintaining 
fibers (PMFs). It is relatively easy to realize low-loss depolarizers for stable linear 
polarization inputs by making use of a PMF fusion-spliced to the pigtail PMF of the 
laser at 45° from the principal axes [34, 35]. There may be other types of depolarizers 
that comprise split branches using couplers. However, this section only refers to a 
depolarizer using a straight configuration of PMFs or high-birefringent components, 
as this type of depolarizer should be particularly simple and of low loss. 

Figure 5.29 shows the principle of a depolarizer. This depolarizer uses a high- 
birefringence material, which is in this case a PMF, to realize a delay between the 




Fig. 5.29. Principle of depolarizer. 
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two eigenmodes of propagation. In this configuration, the output from the laser diode 
is split into two propagation modes with the delay, and they are recoupled at the exit 
of high-birefringence PMF. The DOP at the output of the depolarizer as a function of 
PMF length is therefore expressed as the Fourier transform of the optical spectrum of 
the laser. Because pump lasers usually have multiple longitudinal modes, the curve 
of the DOP versus PMF length will have many peaks. The width of each peak is 
approximately inversely proportional to the spectral width of the pump laser, and 
the envelope of the peaks has a width inversely proportional to the linewidth of 
each longitudinal mode of the laser. The interval between the two adjacent peaks is 
inversely proportional to the longitudinal mode spacing of the laser. So it would be 
better to use a pump laser with broad spectral width for better depolarization. 

5.3.3.3. Performances 

Figure 5.30 shows the comparison between the experiment and simulation of DOP 
values versus PMF length. A good agreement is obtained and the performance is also 
good. In practice, however, it is necessary to consider the incompleteness of linear 
polarization at the output from pump laser diodes. 

In a production process of pump lasers, one of the principal axes of the PMF 
pigtail is aligned with the TE-mode output of the laser chip so as to excite only one 
propagation mode of the PMF pigtail. This process can never be perfect enough and, 
consequently, a small portion of the TE-mode output from the laser chip is coupled 
with the other eigenmode of the PMF pigtail. In this case, the SOP at the output of 
the PMF pigtail of the pump laser will not be stable, because the amount of the delay 
between the two eigenmodes inside the PMF pigtail is sensitive to temperature. For 
the perfect linear polarization case, there is only one eigenmode excited in the PMF 
pigtail in the first place. 
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Fig. 5.30. Comparison between simulation and experimental results of DOP versus depolarizer 
PMF length. 
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Fig. 5.31. Temperature dependence of the PMF depolarizer. 



If the input SOP to the depolarizer PMF is unstable, the DOP value at the output of 
the depolarizer will also be unstable. This observation can be verified by comparing 
the temperature dependences of the DOP for pump lasers with PMF pigtails with 
high and low extinction ratios. Figure 5.31 compares those. Figure 5.31(a) shows 
the temperature dependence of the DOP for the laser with the PMF pigtail having an 
extinction ratio of 15.8 dB, and Fig. 5.31(b) shows that of 26.4 dB. It is important to 
note that even the extinction ratio of 26.4 dB is not high enough for achieving DOP 
values less than 5% over the operating temperature range. Practically speaking, an 
extinction ratio less than 26.4 dB is difficult to guarantee 100% in real production. 

In order to improve the temperature stability of the depolarizer, it is necessary 
to allow arbitrary input SOP to depolarizers. One solution is to optimally increase 
the length of the PMF pigtail of the pump laser module [35]. Figure 5.32 shows the 
temperature dependence of DOP obtained with such a depolarizer with an optimally 
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Fig. 5.32. Temperature dependence of the 
Lyot type depolarizer. 
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increased length of the pigtail PMFs for the same pump lasers for Fig. 5.31(a) and 
(b). Comparing Fig. 5.31, Fig. 5.32 clearly shows the effectiveness. 

Another alternative is either to achieve much more precise alignment of the PMF 
pigtail with respect to the TE mode of the laser output, or to use a polarizer at the 
input to the PMF. A polarizer with enough high extinction ratios would be able to 
increase the degree of linear polarization launched into the depolarizer PMF. 



5.4. Raman Pump Units 

This section shows some practical design issues of a Raman pumping unit. We first 
describe what is typically included in such a unit. Secondly, the thermal design for 
reducing the package size is discussed. Then design examples of prototypes are pre- 
sented and finally a concept of an upgradable Raman pumping unit is proposed. 

5.4.1. Configurations 

When we employ a distributed Raman amplifier for a WDM system, we typically 
install a Raman pump unit as illustrated in Fig. 5.33. In order to obtain a broadband 
Raman gain spectrum, it is necessary to use WDM pumping. A depolarizer and/or 
a polarization combiner are usually attached to the pump lasers so as to reduce the 
degree of polarization of pump light. A pump power monitor is often required to 
control and maintain the output power of the unit. Thus it typically includes several 
pump lasers, PBC, WDM couplers, isolators, tap couplers for monitoring, monitor 
photodiodes, signal-pump- WDM coupler, drive and monitoring circuits, heat sink, 
and so on. The allocation of pump wavelengths depends on the system requirements 
as discussed in Section 5.2.2. 




Fig. 5.33. Schematic of typical WDM pumping Raman pump module. 
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5.4.2. Thermal Management 

An important issue for the design of a Raman pump unit is thermal management. 
Because the pump lasers are driven relatively hard as compared to those built in 
EDFA, the power consumption as well as thermal dissipation becomes an issue. In 
order to enhance thermal dissipation, a larger heat sink is inevitable. However, because 
of the physical constraints of the system, the size of Raman pump units, in particular 
the height, is usually limited. When enough space for a heat sink is not available, 
the use of a heat pipe is effective to transport the heat efficiently from one place to 
another. Heat pipe is a copper-sealed tube in which the pressure is very low, containing 
a tiny amount of water. The water inside evaporates in operating temperature range to 



Tine : 0.000**00 



EZZ3 



9.200**01 

9.100**01 

9.000*»01 

8.900*»01 

8.800**0l 

8.700**01 

: ,(00mM 

8 .500* • 01 
8 .400**01 
8. 300*+ Of 
8 . 200*»01 
e.ioo**oi 

8.000e»0i 
7. 900*+ 01 
7.800*»01 
7.700**0l 
7.600*»01 
7 . 500**01 
7. 400*. 01 
• ' : 
7.200**01 
7.100**01 
7.000**01 
6.900e»Ql 
6.800**01 
6.700**0l 
6.6C 

ft.soo^oa 




ofc large al plate 
Temperature 



□23 



9.200**01 
9.100**01 
9.000**01 
8.900*»01 
8.800**01 
8.700**01 
8 .600**01 
8.800**01 
8.400**0l 
6.300**01 
8.200**01 
8.100**0l 
1 .900— OX 
7.900**01 

A--" '<r" 1 

7.700**01 

MOOlK I 
7.500**0i 
7. 400* *01 
7 . 300**01 

7 . 2 ( : 

7.100**01 
7.000**01 
I .IOOmM 
• : 
6.700**0t 
6 . 600**01 
6.300**01 




Fig. 5.34. Simulated temperature distribution of heat sinks with and without using heat pipes. 
The ambient temperature is 50° C. Heat load per laser is 14 W including driving FETs, and air 
flow is 1 m/s. 
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create a current of molecules transporting heat from one end to the other. The effective 
thermal conductivity is 100 times as large as that of diamond. Figure 5.34 compares 
the temperature increase with and without heat pipes. For the air flow of 1 m/s, the 
heat dissipation per laser of 14 W including the power consumed by the driving FETs, 
and the ambient temperature of 50°C, the highest temperature of a heat-pipe heat sink 
is 17.3 degrees lower than that of a normal aluminum heat sink of the same size. 

5.4.3. Examples 

5.4.3.I. Five- Wavelength Pump Unit 

Figure 5.35 shows a photograph of a Raman pump unit equipped with heat pipes. This 
unit can carry up to eight pump lasers and is only one inch thick, yet with enough heat 





Fig. 5.35. Five-wavelength Raman pump module. Courtesy of Fitel Products Division, Fu- 
mkawa Electric Co., Ltd. 
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dissipation. Because this unit is designed to be controlled by an outside computer 
through an RS-232 interface, operation can be flexible according to the operating 
software. 

5.4.3.2. Thirteen- Wavelength Pump Unit 

Figure 5.36 shows a highly integrated Raman pump module for providing broadband 
gain and small gain ripple. This unit comprises 13 pump lasers having different 
wavelengths, PLC-MZI type pump combiner, isolator, and optical output monitor tap. 
This unit does not include any drive electronics circuit. The dimensions of the unit are 
215 x 120 x 30 mm, which would be almost the same size as conventional EDFAs. 

5.4.3.3. Low-Cost and Compact Dispersion Compensating Raman Amplifier 

Figure 5.37 shows a low-cost and compact Raman amplifier, in which a dispersion 
and dispersion slope compensation fiber module (DSCM) and a Raman pump unit 
are integrated. DSCM can be so designed as to compensate for any types and length 
of transmission fiber spans. This Raman pump unit includes two pump lasers, polar- 
ization maintaining fiber type depolarizers, two WDM couplers, an isolator, a mon- 
itor coupler, two monitor photodiodes, and drive electronics to keep constant output 




Fig. 5.36. Thirteen-wavelength Raman pump module. Courtesy of Fitel Photonics Laboratory, 
Furukawa Electric Co., Ltd. 
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Fig. 5.37. Dispersion compensating Raman amplifier. Courtesy of Fitel Products Division, 
Furukawa Electric Co., Ltd. 



power. The volume of this amplifier is the same as an ordinary DSCM, because the 
Raman pump unit is embedded in the center room of the DSCM. This type of Raman 
amplifier is typically operated at a lossless gain level. 

5.4.3.4. Upgradeable Raman Amplifier 

Figure 5.38 shows gain spectra of an upgradable Raman amplifier where C-, L-, and 
C + L-band operation can be realized by selecting appropriate sets of pump channels 
among only five wavelengths for the respective operation bands. C-band Raman gain 
is obtained with the set of 1424 and 1452 nm, and L-band gain is obtained with the set 
of 1466 and 1495 nm. Besides the above four wavelengths, an ad hoc pump channel 
of 1438 nm is required for the C + L-band. Thus, in order to recycle the use of these 
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Fig. 5.38. Composite Raman gains upgradable from either C- or L- to C + L-band operation 
with recycling use of pump lasers. Source: S. Namiki and Y. Emori “Ultrabroad-Band Raman 
Amplifiers Pumped and Gain-Equalized by Wavelength-Division-Multiplexing High-Power 
Laser Diodes” IEEE Journal of Quantum Electronics Vol. 7 (©2001 IEEE) 
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pump wavelengths, this scheme can provide an upgradable solution with a reasonable 
flatness maintained for all cases. The ad hoc channel is not used in individual band 
operations, but only turned on for C + L-band operation. 

The reason why the ad hoc channel is necessary derives from the asymmetric 
profile of the Raman gain spectrum. As discussed in Section 5.2, for flattening the 
gain we need a set of small Raman gain spectra laterally shifted from each other to 
compose a smooth gain slope opposite the smooth gain slope on the lower frequency 
side of the Raman gain peak by a single pump frequency. When operating only in 
either the C- or L-band, we use just two pump wavelengths in the present case. On 
the other hand, in the case of C + L-band operation, we need four wavelengths for 
the set on the shorter wavelength side to maintain the same degree of flatness and 
recycle the use of the pump lasers used for either C- or L-band operation. 



5.5. Copumping Laser Diodes 

Raman amplifiers employed for practical use are mostly counter-pumped, because 
counter-pumping better maintains the quality of the amplified signal than copump- 
ing, particularly with regard to the factors: RIN transfer noise from pump lasers, 
polarization dependence of gain, and nonlinear effects in the amplifier fiber. On the 
other hand, in most cases, a copumped Raman amplifier entails smaller amplified 
spontaneous emission noise than a counter-pumped one. Therefore, it is still worth 
investigating the possible applications of copumping. This chapter discusses some 
applications of copumping and a new type of pump laser, or IGM lasers, suitable for 
WDM copumping. 

5.5.1. Copumping of Raman Amplifiers 

It is well known that shorter wavelength signals tend to have larger noise figures in a 
WDM counter-pumping scheme due to pump-to-pump and signal-to- signal stimulated 
Raman scatterings in addition to thermal noise and wavelength dependence of fiber 
attenuation coefficients [36]. 

Because a copumped Raman amplifier can have lower ASE noise than a counter- 
pumped one, a wavelength-dependent gain caused by an additional copump source 
produces a wavelength-dependent improvement of the noise figure. Figure 5.39 shows 
the schematic drawing of a proposed method to reduce the wavelength dependence 
of the optical noise figure. The counter-pumping source includes five wavelengths, 
which can produce broadband Raman gain having flatness better than 1 dB. On the 
other hand, the copumping source includes the only shorter three wavelengths among 
those in the counter-pumping source. The reason for the selection is to obtain the 
wavelength-dependent copumped Raman gain suitable for flattening the optical noise 
figure [25, 37], 

Figure 5.40 shows the measured Raman gain and optical noise figure of broadband 
Raman amplifiers with and without using the copumping source. In this experiment, 
76 km of standard single-mode fiber is used as the gain medium, and the gain and 
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Fiber 




Fig. 5.39. NF tilt scheme using copumping. 
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Fig. 5.40. NF tilts for counter- and bidirectional pumpings. 



noise figure are measured by using a tunable laser source. The signal power launched 
into the fiber is less than 0 dBm. The noise figure accounts for the fiber and passive 
component loss. Less than 0.5 dB of gain flatness and 0.7 dB of noise flatness over 
80 nm of signal bandwidth are demonstrated by adjusting the balance between co- 
and counter-pumping sources. As shown in Fig. 5.40, counter-pumping causes large 
wavelength dependence of the noise figure, and the optimized bidirectional pumping 
reduces the dependence by virtue of the copumps having the shorter wavelengths. 

Note that the use of copumping raises the path-averaged power of the signal 
or nonlinear effects, although it may improve the ASE noise figure and multipath 
interference noise due to double Rayleigh scattering. Therefore, we have to optimize 
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the balance between co- and counter-pump power so as to obtain the best quality of 
the signals in the overall performance. 

5.5.2. Recent Progress of Copumping Laser Diodes 

As a recent progress of copumping laser diodes, this section describes detailed char- 
acteristics of the IGM laser. As introduced in Section 5.3.1, the 1GM laser is a 
wavelength-stabilized low-noise laser with an internal grating layer optimized for 
selecting multiple longitudinal modes. So it could be an ideal copumping laser. Fig- 
ure 5.41 shows L-I characteristics and oscillation spectra in linear scale of the IGM 
laser. The maximum fiber output power was 400 mW. It is important to note that it is 
so designed as to assure multiple-longitudinal-mode oscillations for reducing SBS. 
The SBS light strongly aggravates the noise performance of Raman amplifiers and 
can cause crucial problems. 

The SBS threshold power of the IGM laser is smaller than that of the FBG laser, 
because the spectral linewidth of each mode in the IGM laser is much narrower than 
that of the FBG laser (see Section 5. 3. 1.1). Figure 5.42 shows the relation between 
SBS reflectivity and the number of longitudinal modes in the IGM laser [26]. In this 
experiment, a 55 km long DSF with the transmission loss of 0.21 dB/km at 1550 nm, 
the dispersion of —0.07 ps/km/nm at 1550 nm, the A e ff of 47 /xirr at 1550 nm, and 
the zero dispersion wavelength at 1551 nm was used for the transmission line. Here 
the number of longitudinal modes is defined as the number of modes in the spectral 
width at 10 dB down from the peak. The SBS reflectivity tends to decrease with 
increasing number of longitudinal modes in the IGM laser, as shown in Fig. 5.42. IGM 
lasers, especially those having more than 1 8 longitudinal modes, exhibited sufficiently 
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Fig. 5.41. L-I characteristics and spectra of IGM laser. 
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Fig. 5.42. Dependency of SBS reflectivity on the number of longitudinal modes. 
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suppressed SBS reflectivity below —29 dB, which corresponds to Rayleigh scattering. 
It is confirmed that SBS-free operation up to 270 mW fiber input power could be 
obtained by using an IGM laser having over 18 longitudinal modes. 

By detailed investigations, it was shown that an increase in the number of modes 
results in wider linewidths per longitudinal mode. So, SBS could be reduced mainly 
by the following two factors: lower power per longitudinal mode, and increase of 
SBS threshold power per longitudinal mode [26], 

It was shown that applying frequency modulation (dithering) to the IGM laser 
was effective for suppressing SBS [21, 38], By applying a frequency modulation, 
the spectral linewidth of the laser is broadened because the optical cavity length of 
a laser chip fluctuates as a result of thermal variation due to the injected current 
fluctuation. This is a well-known technique for suppressing SBS in the case of a DFB 
laser [39]. Figure 5.43 shows an example of experimental results for SBS suppression 
by frequency dithering. Here modulation index is defined as the ratio of the modulation 
amplitude of optical power to the average output power. When the dithering at a 
1% modulation index was applied, the SBS was successfully suppressed down to 
Rayleigh scattering level over the dithering frequency range of 10 kHz to 100 kHz. 
Further suppression could be achieved at a 10% modulation index for a wider range 
over 3 kHz. 

It is known that RIN of multiple-longitudinal-mode lasers increases during trans- 
mission along a dispersive fiber line due to the so-called mode partitioning noise 
(MPN) [40]. Figure 5.44 shows comparison of the RIN characteristics after transmis- 
sion through a True Wave® RS fiber [21]. The increase in RIN after fiber transmission 
for the IGM laser is smaller than that for the FP laser, which is attributable to the 
smaller number of longitudinal modes in the IGM laser than in the FP laser. However, 
we should note that it is not clear yet how these results influence the transmission 
characteristics of signal light in Raman amplification systems. The performance of 
copumped Raman amplifiers should significantly depend upon the characteristics of 
pumping light sources. We note that further studies are necessary in this area. 
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Fig. 5.43. SBS suppression versus dithering frequency in the IGM laser. 
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Fig. 5.44. RIN spectra before and 
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Chapter 6 

Dispersion-Compensating Fibers 
for Raman Applications 



L. Gruner-Nielsen and Y. Qian 



6.1. Introduction 

Dispersion-compensating fibers (DCF) are the most widely used technology for dis- 
persion compensation. The idea to additionally use the DCF as a Raman gain medium 
was originally proposed by Hansen et al. in 1998 [1]. This was quickly followed 
by Emori et al., [2], who demonstrated a broadband lossless DCF using multiple- 
wavelength Raman pumping. DCF is a good Raman gain medium, due to a relatively 
high germanium doping level and a small effective area. Normally, a discrete Raman 
amplifier will contain several kilometers of fiber, adding extra dispersion to the system 
that must be handled in the overall dispersion management. Dispersion-compensating 
Raman amplifiers integrate two key functions, dispersion compensation and discrete 
Raman amplification, into a single component. 

Recently all-Raman systems have been demonstrated using a combination of 
Raman amplification in the transmission fiber and dispersion-compensating Raman 
amplifiers (DCRA) [3, 4], Such all-Raman systems offer many intriguing advantages. 
Compared to EDFA systems, amplification in any wavelength band is possible, and 
very broad, seamless transmission bands can be amplified. Such broadband all-Raman 
systems can be realized with only a few components and are therefore expected to be 
cost effective. 

Use of DCF for DCRAs raises new requirements for the properties of the DCF in- 
cluding requirements for gain, double Rayleigh scattering, and broadband dispersion 
compensation. 

Section 6.2 of this chapter reviews the basics of dispersion compensation including 
dispersion slope compensation and how to cope with dispersion curvature. Section 6.3 
reviews properties of DCF including broadband dispersion compensation, Raman 
gain efficiency, and double Rayleigh back scattering (DRB). Section 6.4 is the central 
section on DCRAs, reviewing typical amplifier properties and how to cope with 
impairments such as multipath interference due to DRB and nonlinearities. The final 
section deals with optimization of DCF for use in DCRA. 
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6.2. Basic Principles of Dispersion- Compensating Fibers 



6.2.1. Dispersion 



The dispersion (D) of a single-mode fiber is defined as 



1 dr 

D = , 

L dX 



( 6 . 1 ) 



where r is the group delay time, L the length, and X the wavelength. The dispersion 
is closely related to the second derivative of the propagation constant ft, 

2ix c d 2 ft> 



D = 



X 2 dco 2 



( 6 . 2 ) 



where c is the speed of light in vacuum and a> the angular frequency. Theoretical 
textbooks often define the second derivative of ft as the dispersion, but in practical 
use the definition in Eq. (6.1) is utilized. 

The dispersion in single-mode fibers can be divided into three terms [5]: 



Material dispersion, 
Waveguide dispersion, and 
Profile dispersion. 



The material dispersion is the dominant dispersion factor in standard nonshifted 
telecommunication fibers. In dispersion-shifted fibers the material and waveguide 
dispersion are equal in magnitude, whereas the waveguide dispersion is dominant in 
dispersion-compensating fibers. The profile dispersion, which is due to the different 
material dispersion of the different dopants, is very small in normal fibers and can 
therefore be neglected. 

Because of the nonzero spectral width of an optical signal, the dispersion leads 
to pulse broadening due to different group delays of the different spectral compo- 
nents of the signal. For narrowband externally modulated lasers the spectral width 
of the signal is governed by the modulation. Increased modulation speed leads to in- 
creased spectral width. The tolerable pulse broadening, on the other hand, decreases 
with the modulation frequency. Therefore the dispersion tolerance decreases with the 
square of the bit rate ( B ) and linearly with the transmitted length [6]. The maximum 
transmission length for dispersion-limited transmission is therefore given as 

Lmax = ~B 2 D’ (6 ' 3) 

where K is a constant depending on details of the transmitter and receiver, the mod- 
ulation format, and the allowed penalty. Maximum transmission distances for bit 
rates of 2.5, 10, and 40 Gbit/s are shown in Table 6.1 for a conventional standard 
single-mode fiber (SSMF) with a dispersion of 16.5 ps/(nm • km) as well as a nonzero 
dispersion fiber (NZDF) with a dispersion of 4.5 ps/(nm • km). Nonreturn to zero 
(NRZ) modulation is assumed and a 1 dB eye-closure penalty. 

It is clear from Table 6.1 that for bit rates of 10 Gbit/s and above, dispersion is a 
limiting factor and requires compensation. 
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Table 6.1. Transmission Distances of NRZ Signal for 1 dB Eye Closure Penalty due to 
Dispersion 



Bit Rate 
Gbit/s 


SSMF 

km 


NZDF 

km 


2.5 


927 


3400 


10 


58 


213 


40 


3.6 


13 



6.2.2. Use of Dispersion-Compensating Fiber 

The basic principle for use of dispersion-compensating fiber is shown in Fig. 6. 1 . By 
inserting a DCF with negative dispersion into the link, the positive dispersion of the 
transmission fiber can be compensated. 

Figure 6. 1 illustrates the lumped application of DCF, where the DCF is an inte- 
grated part of the repeater. The DCF can also be deployed as a part of the transmission 
span itself. This is especially attractive for long distance submarine applications [7, 8], 
but is considered for terrestrial applications as well [9, 10] . In this chapter, only lumped 
applications are considered. The amplifiers in Fig. 6. 1 could either be erbium-doped 
fiber amplifiers (EDFA) or, more relevant to this chapter, Raman pumps for pumping 
of the transmission fiber and the DCF. 

The total dispersion and attenuation of the link are given by 

Dj = DjfLtf + DqcfLdcf- (6-4) 

oiT = utfLtf + udcfLdcf ■ (6.5) 

If total compensation of the dispersion is required, the length of the DCF ( Locf ) 
is chosen so Dj — 0. However, due to nonlinear effects and possible chirp in the 
transmitter, 100% compensation is not always the optimum [11]. 

One of the drawbacks of DCF is, as illustrated by Eq. (6.5), that it adds loss. For 
non-Raman pumped DCF the added loss must be compensated with additional gain 




Length: 


Ltf 


Dispersion: 


Dtf 


Dispersion slope: 


Stf 


Loss: 


“TF 



Length: 


Ldcf 


Dispersion: 


^dcf 


Dispersion slope: 


Sdcf 


Loss: 


“DCF 



Fig. 6.1. The basic principle of dispersion compensation. 
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in the amplifiers, degrading the signal-to-noise ratio and increasing the cost of the 
system. To overcome this problem the DCF should have as high a negative dispersion 
( Ddcf ) as possible and as low an attenuation (o/dcf) as possible. Therefore, a figure of 
merit (FOM) for non-Raman pumped dispersion-compensating fibers can be defined 
as 

FOM=-—^^. ( 6 . 6 ) 

“DCF 

It should be emphasized that this FOM is not suited for optimizing DCF for Raman 
pumped applications, as discussed in Section 6.5. 

If Locf is chosen so Dj = 0, the total loss is calculated from Eqs. (6.4) to (6.6), 



CHJ — 



| &TF + 



Dtf \ 
FOM ) 



Ltf- 



(6.7) 



It can be observed from (6.7) that the only DCF parameter determining the added loss 
is the FOM. 



6.2.3. Dispersion Slope Compensation 

For systems using only a single or a few WDM channels at 10 Gbit/s for distances 
up to ~ 500 km, it will normally be sufficient to have the right amount of dispersion 
compensation at a single wavelength. However, as broadband DWDM systems have 
been developed, it has become necessary to consider the precision of the dispersion 
compensation over a broad wavelength range. The requirements are further tightening 
as systems operating at 40 Gbit/s line rates are now becoming commercially available, 
as well as ultra-long-haul, 10 Gbit/s systems over 2000 to 4000 km. To have the right 
amount of dispersion compensation over a broad wavelength range, the dispersion 
slope should be compensated as well. 

The total dispersion slope of the system in Fig. 6.1 is: 

St — LjfStf + LdcfSdcf- (6.8) 

As seen from Eq. (6.8), a negative dispersion slope of the DCF is necessary in order to 
achieve slope compensation (St = 0). If the length of the DCF is chosen to give full 
dispersion compensation (Dt = 0), then the condition for full slope compensation is 
that the relative dispersion slope of the DCF shall be equal to the relative dispersion 
slope of the transmission fiber. 



RDSdcf — RDStf- (6.9) 

The relative dispersion slope is defined as the ratio of dispersion slope to dispersion 

RDS = — . (6.10) 

D 

Typical dispersion properties of different commercially available transmission 
fibers are summarized in Table 6.2. 
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Table 6.2. Typical Properties of Some Commercially Available Transmission Fibers at 
1550 nm 



Fiber Type 


Dispersion 

[ps/nm-km] 


Dispersion Slope 
[ps/nm 2 -km] 


RDS 

[nm -1 ] 


Effective Area 
[/rm 2 ] 


Conventional SSMF 


16.5 


0.058 


0.0036 


82 


TmeWave® REACH fibre 


7.1 


0.042 


0.0058 


55 


TeraLight 3 fibre 


8 


0.058 


0.0073 


63 


TmeWave® RS fibre 


4.5 


0.045 


0.010 


52 


ELEAF a fibre 


4.2 


0.085 


0.020 


72 



a TeraLight is a registered trademark of Alcatel; LEAF is a registered trademark of Coming. 



In a system with full dispersion compensation, but only partial slope compensa- 
tion, the total slope of the system can be calculated as 



S t = L tf S T fO -DSCR), (6.11) 



where DSCR is the dispersion slope compensation ratio, defined as 



DSCR — 



RDSdcf 

RDStf 



SpCF 

PpCF 

Stf 

F>tf 



(6.12) 



6.2.4. Dispersion curvature 



For the most critical applications, it is not sufficient to match the dispersion slope. 
Even the dispersion curvature has to be considered. The dispersion curvature (C) can 
be defined as 



dS _ drD 
dX dX 2 



(6.13) 



In the most commonly used wavelength range, the C + Lband (1530 to 1610 nm), the 
dispersion curvature of most transmission fibers is very low. This is not necessarily 
the case for the DCF. 

A useful term to describe the problem is the relative dispersion curvature (RDC), 
which can be defined as 

RDC=— . (6.14) 

D 



To illustrate the usefulness of RDC, consider a link of N fibers. The resulting disper- 
sion curvature of the link Cl can be calculated as 



C L — 



] 

— RDCi ■ D tot j, 

i = 1 



(6.15) 



where RDCi is the RDC of fiber i, D tot j is the total dispersion (in ps/nm) of fiber i, 
and L is the total link length. 
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Dispersion-compensating fibers generally have dispersion versus wavelength be- 
havior as shown in Fig. 6.2. 

The generic curve has an inflection point where the curvature changes from neg- 
ative to positive. The smallest curvature occurs when the inflection point is located 
within the operating wavelength range. This is further illustrated in Fig. 6.3 [12], 
Link 1 is composed of a NZDF with RDS =0.0097 nm -1 at 1550 nm. Link 2 
is composed of a NZDF with RDS = 0.018 nm -1 at 1550 nm. The DCF for link 1 
operates around the inflection point and has a RDC of —2 • 10 -6 nm -2 at 1550 nm. 





Fig. 6.3. Residual dispersion for two links. Link 1 uses DCF operating around the inflection 
point. Link 2 uses DCF operating at wavelengths below the inflection point [12]. 
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The DCF for link 2 operates at wavelength below the inflection point and has a RDC 
of 440 • 10 -6 nm" 1 at 1550 nm. 



6.3. Properties of Dispersion-Compensating Fibers 

Dispersion-compensating fibers have seen considerable progress over the last sev- 
eral years, and DCFs with RDS matching all common transmission fibers have been 
demonstrated [12-17] as well as DCFs with improved FOM [18]. DCFs are com- 
mercially available from several companies. As an example, Table 6.3 shows typical 
DCF properties for fibers from OFS (formerly Lucent Technologies Optical Fiber 
Solutions). 

A special type of DCF that has received some recent interest is a DCF supporting 
more than one mode. The device uses a higher-order mode of the DCF and has 
mode converters at both ends to convert from the fundamental mode to the higher- 
order mode at the input and vice versa at the output end [19-21], The advantage 
is that the higher-order mode has quite a large effective area on the order 50 to 
70 gm 2 . Unfortunately, such fibers have a very low Raman gain efficiency due to the 
high effective area and because the mode converters have a limited bandwidth. The 
bandwidth limitation of the mode converters means that normally they will work only 
for the signal and not for the pump. For that reason this technology is not considered 
further here. 

6.3.1. Broadband Dispersion Compensation 

An exciting potential of Raman amplifiers is the possibility for very broadband am- 
plification. This raises the need for DCF that can provide very broadband dispersion 
compensation. Such DCF can actually only be fully utilized in all-Raman systems, 
as illustrated in Fig. 6.4. 

In the traditional system using EDFAs, the bands have to be split and one DCF 
is usually required for each band. In an all-Raman system, the same DCF is used 
to cover the entire system bandwidth for both dispersion compensation and as gain 
medium [22, 23]. A much simpler configuration is obtained and no channels are lost 
between the bands. 



Table 6.3. Typical Properties at 1550 nm for DCF from OFS (December 2002) 



Fiber Type 


Dispersion 

[ps/nm-km] 


Dispersion Slope 
[ps/nm 2 -km] 


RDS 

[nm -1 ] 


Effective Area 

1/W] 


St. -DCF 


-too 


-0.23 


0.0023 


20 


EWB-DCF 


-120 


-0.44 


0.0037 


21 


HS-DCF 


- 95 


-0.65 


0.0065 


15 


EHS-DCF 


-120 


-1.2 


0.010 


14 


UHS-DCF 


-130 


-2.1 


0.016 


14 
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All Raman 
C + L-band 



Fig. 6.4. Advantage of all-Raman C + L-band transmission. 
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Fig. 6.5. RDS distributions for two DCFs and a combination DCF module made from the two 
fibers. 

One potential problem is that DCF is quite sensitive to small perturbations of its 
index profile [24], This implies that in a DCF population there will be some variation 
in both dispersion and RDS. Trimming the length of the DCF easily adjusts for the 
variation in dispersion but the variation in RDS can be a problem especially for 
broadband dispersion compensation. A solution is to use DCF modules that are a 
combination of two DCFs. This is illustrated in Fig. 6.5. At 1580 nm the average 
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Fig. 6.6. Residual dispersion of 1500 km link of True Wave® REACH fiber compensated by a 
combination DCF module. 



RDS of DCF1 is 0.00965, and that for DCF2 is 0.00666 nnr 1 . The target RDS for 
the combination DCF module is 0.00795 nm” 1 , matching the RDS of True Wave® 
RS at 1580 nm. It can be seen that the accuracy of the RDS is improved by roughly 
a factor of 10 for the combination module. 

As an example of achievable performance, the residual dispersion of a link of 
1500 km TrueWave® REACH fiber compensated by a combination of two DCFs is 
shown in Fig. 6.6. Both DCFs were optimized to work around the inflection point. 

DCF modules can also be made by combining DCF with conventional standard 
single-mode fiber. This technique can be used to increase the RDS, as required for 
some applications involving nonzero dispersion fibers with high RDS. An example 
is shown in Fig. 6.7, where a transmission fiber with a RDS of 0.020 nm -1 is com- 
pensated with a DCF with RDS of 0.016 nm -1 . By adding SSMF (and increasing the 
length of the DCF), full slope compensation can be achieved. The drawback is that 
the extra fiber gives higher loss. 



6.3.2. Raman Gain Efficiency 



For unsaturated Raman amplification (when pump depletion can be ignored) the 
Raman gain efficiency Cr can be calculated from the linear Raman on-off gain, 
G on-off (ratio of output signal power with pump “on” to that with pump “off”), and 
fiber effective length L e jf as 



Cr = 



In ( G on-off) 
P p ' p eff 



L «r=~(' 



( 6 . 16 ) 



where P p is the pump power, and a p is the fiber attenuation at pump wavelength. 

DCFs usually have high germanium doping levels and small effective areas, so the 
Raman gain efficiencies are quite high. This makes DCF attractive for DCRA [1, 25]. 
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Residual dispersion of link with 1 00 km transmission fiber 




Fig. 6.7. DCF combined with SSMF to increase RDS. 



The Raman gain efficiency can be measured using the small-signal fiber Raman 
amplification as shown by Eq. (6.16). The measured Raman gain efficiency spectra 
for different kinds of fibers, EHS-DCF, EWB-DCF, Truewave® RS, and SSMF (Ta- 
bles 6.2 and 6.3), are illustrated in Fig. 6.8(a). The peaks are approximately scaled 
to the germanium doping levels and inversely proportional to effective area and the 
pump wavelength. It can also be noted that at low germanium doping levels as for 
SSMF, the Raman gain spectrum reveals two peaks around its maximum. This is 
due to the Raman nature of silica. Fibers with higher germanium doping concentra- 
tion show the single peak around a frequency shift of 13 TFIz due to the germanium 
dominating the Raman gain [26]. 

6.3.3. Double Rayleigh Backscattering 

Unlike EDFAs with lengths on the order of meters, fibers used for Raman amplifi- 
cation are much longer. Discrete Raman amplifiers have lengths of several to tens 
of kilometers, and distributed Raman amplifiers have lengths of tens to hundreds of 
kilometers. The double Rayleigh backscattering [27] is thus more pronounced during 
Raman amplification than for EDFAs. DRB causes a delayed replica of the signal 
with the same propagation direction as the signal that interferes with the signal and 
generates noise. This is referred to as multipath interference (MPI). DRB-induced 
MPI crosstalk is detrimental to the system performance and is one of the limiting 
penalties in Raman amplification [28-31]. 

To evaluate the DRB-induced MPI, the fiber Rayleigh backscattering coefficient 
is the key parameter. One can measure the fiber Rayleigh scattering coefficient by 
using optical time domain reflectometry (OTDR) [32]. A more accurate way that 
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Fig. 6.8. Measured typical spectral dependence for (a) Raman gain efficiency pumped at 1453 
nm; and (b) Rayleigh scattering coefficient k . 



additionally allows for easy wavelength scanning is to use a return loss module [33]. 
The fiber Rayleigh scattering coefficient k can be calculated from the measured return 
loss R of the fiber under test: 



2a R 

a j (l — e~ 2aL ) 



(6.17) 



Here, a is the loss of the fiber, a\ is the loss from the other discrete points including 
splicing, connector, and the like, and L is the length of the fiber. 

Measurements of typical Rayleigh scattering coefficients from this technique are 
shown in Fig. 6.8(b) for EHS-DCF, EWB-DCF, TWRS, and SSMF. The wavelength 
range is 1500 to 1620 nm, covering the S + C + L-band, where most of the fiber 
Raman amplifiers operate presently. 

The theoretical analysis shows that the DRB coefficient is inversely proportional 
to the fiber effective area and the square of wavelength [25, 33]. Therefore, the wave- 
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length dependence of the DRB coefficient k can be expressed from the measured 
DRB coefficient at the center wavelength 1560 nm in the form of 



K(k) = 



A eff { 1560 nm) • 1560 2 

A effW ' 2 



■ a: ( 1560 nm), 



(6.18) 



where X is the wavelength in nm and A e ff is the fiber effective area. The fitting lines 
using this formula including the variation in effective area with wavelength are in 
reasonably good agreement with the measured data as shown in Fig. 6.8(b). 

The measured fiber Raman gain efficiency, attenuation, effective area, and DRB 
can now be used in Raman amplification simulations using the conventional steady- 
state model [6], including signal, pump, ASE, and DRB noise, and so on. [25, 27]. 
Such simulations show good agreement with measurements, as demonstrated later in 
this chapter. 



6.4. Dispersion- Compensating Raman Amplifiers 

6.4.1. Applications 

A DCF without Raman amplification introduces extra loss into the system, thus in- 
creasing the need for gain in the discrete amplifiers and degrading the noise perfor- 
mance. A discrete Raman amplifier will contain several kilometers of fiber, adding 
further dispersion to the system that must be handled by the dispersion compensation 
on top of the dispersion of the transmission fiber. Dispersion-compensating Raman 
amplifiers integrate these two key functions, dispersion compensation and Raman 
amplification, into a single component. Compared to an EDFA-based system, DCRA 
can be easily adjusted and extended to any seamless transmission band, for example, 
E-, S-, C-, L-, and/or U-band [34, 23, 22, 35-37], without extra passive components. 
This is cost effective and especially attractive in all-Raman, ultra-broadband, high- 
capacity systems [3, 4, 10, 9, 38, 34]. In addition, the Raman gain can be simply 
adjusted by WDM pumps [2, 37] or TDM pumps [39, 40] to achieve a flat gain 
spectrum without a high-loss gain-equalizer. 

A high-gain DCRA can contribute gain to an all-Raman system and reduce the 
Raman gain in the transmission fibers [3, 4]. A transparent DCRA is beneficial for 
improving the noise performance in repeaters [41]. 

6.4.2. Amplifier Properties 

6.4.2.I. Raman Characterization Setup 

Raman amplification can be characterized by using the setup shown in Fig. 6.9(a) [42] . 
The device under test can, for example, be a bidirectionally pumped DCRA consisting 
of a DCF as the gain medium, depolarized multichannel pump source with controlling 
electronics, and other optical passive components such as a coupler, isolator, and the 
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Fig. 6.9. (a) Schematic of a bidirectionally pumped DCRA in a Raman characterization setup; 
(b) typical measured signal and noise (ASE + DRB) spectra. SP-WSM: signal-pump wave- 
length division multiplexer including a built-in isolator; OSA: optical spectrum analyzer; ISO: 
isolator; PM: power monitor; NMS: noise measurement system; M1/M2: signal input/output 
modulator. 



like. The input and output signals can be modulated independently by AO modulators 
at a suitable frequency and duty cycle. One can then measure the input and amplified 
signals using an optical spectrum analyzer when the two modulators are in phase. The 
noises, including ASE and DRB, can be recorded when the two modulators are out 
of phase. This is referred to as the modified optical time domain extinction method 
in analogue to EDFA measurement [43]. 

Typical measured signal and noise spectra can be seen in Fig. 6.9(b). The Raman 
net gain is calculated from the measured input and output signal powers. The interpo- 
lated ASE power at the signal wavelength, together with the Raman gain, is used to 
calculate the noise figure, and the DRB power subtracted from the total noise can be 
used to calculate the OSNR due to DRB. The DRB-induced MPI is just the inverse 
(linear) OSNR due to DRB. 
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The MPI due to DRB can also be measured electrically by measuring the laser 
relative intensity noise (RIN) with an electrical spectrum analyzer [44]. It is worth 
noting that the optical measurement of MPI gives the worst-case result because all 
polarizations of both the DRB noise and the signal are included. In the electrical 
measurement, the MPI is dependent on the degree of polarization of the DRB noise 
[45]. For unpolarized DRB noise, the electrically measured MPI will be around 3 dB 
lower than the optical measurements [46]. 

6.4.2.2. Raman Net Gain, NF and MPI due to DRB 

As an example, measured and simulated net gain, noise figure, MPI, and output power 
as functions of input signal power are shown in Fig. 6.10 [37]. Good agreement 
between measurement and simulations is observed. 

A 3.9 km EHS-DCF for dispersion compensation of 90.8 km TWRS is used in this 
C-band DCRA. The link residual dispersion is within ±0. 1 ps/km • nm from 1528.8 
to 1567.2 nm. The average loss of this DCRA in the C-band is around 5 dB without 
Raman pumping. The saturation effect can be seen from the curves for high signal 
amplification and the saturation power can be estimated to be 23 dBm in Fig. 6.5(d), 
with maximum 589 mW pumping. The NF is independent of the signal level for 
unsaturated Raman amplification, but will be much higher in the saturation region 
due to the rapid increase of double Rayleigh backscattered ASE [25]. The deviations 
of measurements from simulations at high signal level are mainly due to the SBS 
effect [25, 26]. Note that these measurements are performed with 600 GHz channel 
spacing, so it can be expected that for a real system using 25 to 100 GHz channel 
spacing, the signal power per channel will be 6 to 24 times lower for the same amount 
of total power. In addition, signals are usually coded with a bit rate higher than 1 
Gbit/s, so the SBS threshold will be drastically higher. Therefore, the SBS effect 
will not be a serious limitation for Raman amplification in real systems. Spectral 
broadening or phase modulation of the signal can also be used to eliminate SBS. 

Three-wavelength counter-pumps, as shown in Table 6.4, are chosen to achieve 
optimized flat gain. The measured gain flatness is within ±0. 13 dB for 8 dB net gain, 
close to the simulated flatness of ±0.16 dB, as shown in Fig. 6.11(a). The average 
noise figure is 5.6 dB with MPI of —46 dB. The noise figure spectrum is tilted due 
to fiber attenuation and temperature limitation of ASE [47]. The measured average 
net gain, NF, and MPI versus pump power is displayed in Figure 6.11(b). Raman net 
gain efficiency can be deduced as 28.5 dB/W. MPI increases about 1 dB for 1 dB gain 
increase. It should be noted that DRB-induced MPI for this DCRA without Raman 
pumping is very low, only —59 dB. MPI for 0 dB net gain is below —54 dB. The NF is 
less than 6 dB and is nearly independent of the pump power for net gain of several dB . 

Different transmission fibers require different DCF. For example, the DCF length 
will be much longer for compensation of SSMF compared to compensation of NZDF. 
Figure 6.12 displays the simulation results of EWB-DCF and EHS-DCF for compen- 
sation of 80 km SSMF and TWRS, respectively. Three counterpropagating pumps 
with a total pump power of 660 mW are used for amplification in the C-band. The 
EWB-DCF is about three times as long as the EHS-DCF, due to the much higher 
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Table 6.4. Pump Configuration 



Pumps 


Total (mW) 


1426 nm 


1438 nm 


1466 nm 


For 12 dB net gain 


589 


194 


194 


201 


For 8 dB net gain 


451 


135 


121 


195 


For 0 dB net gain 


160 


52 


36 


72 
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Fig. 6.11. (a) Measured and simulated net gain. NF, and MPI for optimized 38.4 nm spectral 
range centered at 1548 nm; (b) measured average Raman gain, NF, and MPI dependence on 
Raman on-off gain with 0 dBm input signal power [37]. 
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dispersion of SSMF compared to TWRS. Due to the longer length of the EWB-DCF, 
it has a higher gain, but the noise figure is 1 dB higher than EHS-DCF. The MPI for 
EWB-DCF is around 5 dB higher than EFIS-DCF for the same net gain level, again 
due to the longer length. Thus, from a Raman amplification point of view, EHS-DCF 
for dispersion compensation of TWRS will have much lower noise impairment on 
the transmission system compared with EWB-DCF for SSMF. 

6.4.3. Amplifier Configurations 

Due to the relatively long fiber length of Raman amplifiers compared to EDFAs, 
DRB-induced MPI [28, 48, 31, 49-51], ASE, and fiber nonlinear effects [52, 53] can 
be major impairments in real systems. 
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Fig. 6.12. (a) Simulated Raman net gain and noise figure as functions of output signal power 
for a total pump power of 660 mW; (b) simulated MPI due to DRB versus net gain. Fibers are 
EWB-DCF and EHS-DCF for 80 km SSMF and TWRS compensation, respectively. 



To minimize the noise figure, the signal power excursion should be minimized; 
thus copumping is a promising technique. To minimize the MPI due to DRB, bidirec- 
tional pumping and a multistage DCRA design with interstage isolator [54-56, 53] are 
preferable. However, to mitigate the nonlinear impairments, the path-averaged signal 
power should be minimum; so copumping would not be the best solution. A DCRA 
can be optimally designed with respect to both linear and nonlinear impairments by 
using the equations described in [52]. 

6.4.3.I. Linear Impairments 

For a DCRA, the inband crosstalk comes from the DRB of signal and discrete re- 
flections, such as connectors. The beating between the ASE and signal will induce 
interference. Several types of crosstalk result in power penalties in real systems, and 
these can be formulated for optically preamplified receivers in the form of [31]: 

Penalty (dB) = -20 • Log(l — N ■ R c ■ Q 2 ), 



(6.19) 
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where R c is the total crosstalk for a single span and N is the number of amplifier 
spans. Q — 6 for BER — 10 -9 . 

To maintain the power penalty within 0.5 dB of Q — 6 for transmission over 40 
amplifier spans, the crosstalk per fiber span should be kept below —44 dB. 

To implement Raman amplification, one can use a co-, counter-, or bidirectional 
pumping configuration. Copumped Raman amplifiers suffer from high relative inten- 
sity noise transfer from the pump [57, 58], but give the lowest noise figure of the three 
pumping configurations due to high path average power. Recently, pump lasers with 
very low RIN have become available, so co- or bidirectional pumping has become 
practical, counter-pumped Raman amplifiers average the noise fluctuation from the 
pump, but the gain excursion in the fiber is the maximum, resulting in the largest noise 
figure. For bidirectional pumping, a moderate noise figure can be obtained, with the 
extra advantage of minimum DRB-induced MP1 [28, 42, 22, 52] due to minimum 
gain excursion along the fiber. 

The minimum MPI and MPI improvement by using 50% bidirectional pumping 
can be calculated as illustrated in Fig. 6. 13 for SSMF and EWB-DCF. The simulation 
is performed for small-signal amplification using equations in Nissov et al. [28]. It 
can be seen that the MPI improvement is strongly dependent on the fiber length and 
the Raman net gain. A short length (around 10 km) DCRA benefits much less than 
long transmission fibers (around 100 km) in distributed RA. This is because the MPI 
improvement level depends on the gain excursion difference among different pumping 
configurations. For long transmission fibers, the effective length is much shorter than 
the fiber length, so there will be a higher gain excursion difference between co- (or 
counter-) and bidirectional pumped amplifiers. The DCRA with shorter length will 
exhibit less gain excursion difference because the Raman effective length is close to 
the fiber length. 

For 10 dB net gain, the MPI improvement for 17.6 km of EWB-DCF (for disper- 
sion compensation of 120 km of SSMF) would be around 2 dB whereas for 100 km 
of SSMF it could be as high as 15 dB. A DCRA made of 9.5 km of EWB-DCF (for 60 
km SSMF dispersion compensation) exhibits MPI improvement of 0.7 dB with 50% 
copumping at 8 dB net gain [42]. 

To improve the NF tilt in broadband DCRAs, it is useful to design a bidirectionally 
pumped DCRA with copumping for the shorter part of the transmission band, but 
counter-pumping for the longer band [59, 22, 23]. 

A C + L-band DCRA composed of two DCFs was constructed for compensation 
of 100 km TW® REACH [22, Section 6.3.1, Figure 6.6], The Raman gain, NF, and 
MPI using two different pumping schemes are displayed in Fig. 6.14, with pumping 
configurations shown in Table 6.5. 

Six pump wavelengths are used in the counter-pumped DCRA. The average net 
gain is 10.4 dB with flatness of ±1.2 dB, whereas the average NF is 6.7 dB with 
flatness of ±1.8 dB. The average MPI is —43.4 dB. 

For the bidirectional pumping case, the copumped C-band and counter-pumped 
L-band are designed as shown in Table 6.5. The net gain flatness is improved to 
±0.8 dB, whereas the average NF is decreased to 5 dB with improved flatness of 
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Fig. 6.13. Simulated minimum MPI and MPI improvement by 50% copumping as functions 
of (a) fiber length with net gain of 10 dB and (b) net gain for small-signal Raman amplification 
in two different fibers: SSMF and EWB-DCF. 



±0.7 dB. The average MPI is also improved to less than —45 dB. The noise im- 
provement is due to the lower gain excursion along the fiber by using bidirectional 
pumping. 

Another way to improve the MPI performance for DCRAs is to design multistage 
amplifiers with the same type of fibers but different lengths [54-56], or different types 
of fibers. The key technique is to use a midstage isolator (or circulator) together with 
couplers to build a bridge for the pump to reach all the stages, but block the signal 
back reflections among different stages. The MPI improvement can be as high as 
15 dB with an optimized 60% length proportion for a two-stage discrete RA with 5 
km of HNLF [56]. The NF degradation due to extra passive components was less 
than 1 dB in this case. 
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Fig. 6.14. Measured gain, noise figure, and MPI due to DRB using (a) counter-pumping scheme 
and (b) bidirectional pumping scheme [22]. The pump configuration is shown in Table 6.5. 

Table 6.5. Pump Configurations for Counter- and Bidirectionally Pumped C + L-Band DCRA 



Config. 


1428 nm 


1445 nm 


1467 nm 


1484 nm 


1491 nm 


1507 nm 


Total 


Count. P 


297 mW 


297 mW 


162 mW 


41 mW 


93 mW 


78 mW 


967 mW 


Bidir. P 


360 mW,co“ 


360 mW.co” 


86 mW 


OmW 


138 mW 


98 mW 


1042 mW 



a Copump is noted as “co” whereas others are all counter-pumped. 

MPI and NF improvements of 7 and 2 dB, respectively, have been demonstrated 
by counter-pumping the first-stage fiber and using the residual pump to counter-pump 
the second stage [53]. The first-stage fiber length is 36% of the total 6 km of HS-DCF. 

6.4.3.2. Nonlinear Impairments 

The nonlinear impairments [60, 52, 61, 29, 62] in Raman amplification will impose 
limitations for its application in real systems. These impairments include SBS, in- 
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trachannel SRS, self-phase modulation (SPM), cross-phase modulation (XPM), and 
four-wave mixing (FWM). The last two effects can affect both multichannel signals 
and/or multichannel pumps. 

DCF has the general spectral dispersion behavior as shown in Fig. 6.2; that is, 
it will never reach zero dispersion at either pump or signal wavelength. Therefore, 
FWM will normally not be a consideration in DCRAs. 

SBS can be diminished by broadening the signal spectral width or phase modu- 
lating the signal. SRS-induced Raman tilt can be compensated by proper adjustment 
of pump wavelengths and powers for WDM-pumped DCRA. 

A DCRA has a higher fiber nonlinear coefficient than transmission fiber, but the 
DCRA length is generally significantly shorter than that of distributed RA, so their 
gross nonlinear impairments are comparable. 

The nonlinear phase shift ip due to SPM can be calculated from the fiber nonlinear 
coefficient y as 

f L 1 

<P = / y(z) ■ Ps(z ) • dz=y ■ P s (z = 0) • L effMman ; L^unpumped) = — • (l - 
Jo 0‘s 

( 6 . 20 ) 

where y is assumed to be constant along the fiber length, P s (z) is the signal power in 
position z, and L e ff y R aman is the nonlinear effective length for a Raman-pumped fiber. 
For an unpumped fiber, the nonlinear effective length is solely dependent on the fiber 
attenuation at signal wavelength a s and fiber length L, as shown in Eq. (6.20). 

Raman amplification will enhance the nonlinear effect by increasing the nonlinear 
effective length. The nonlinear enhancement ratio Rnl is defined as the ratio of the 
effective length with Raman amplification to the effective length of the unpumped 
fiber [60, 52, 62]. It has the form of 

RNL= t aS aL -[ G„ el (z)-dz, (6.21) 

1 - e as ' L Jo 

which is proportional to the path average net gain/signal power along the fiber. 

The path-average power is maximum for copumped RA compared to counter- 
or bidirectional-pumped RA. Thus, the NF is minimum for copumped RA but the 
nonlinear enhancement is at the maximum as shown in Fig. 6.15. Due to such trade- 
offs, careful design for DCRAs is needed. For example, a transparent DCRA made of 
17.6 km of EWB-DCF will have 1.7 dB NF improvement by copumping compared 
to counter-pumping. However, the nonlinear enhancement will be 2.2 dB higher 
than for counter-pumping. If the nonlinear enhancement is fixed as 3 dB, then the 
counter-pumping scheme supports Raman amplification to a net gain of 3 dB, whereas 
copumping will only support a net gain of —2 dB. To compensate for the nonlinear 
enhancement due to Raman amplification, the maximum signal input power should 
be reduced by the same amount as the nonlinear enhancement. Thus, equivalently, the 
copumping scheme will reduce the maximum input signal power by 5 dB compared 
to the counter-pumping scheme for the same nonlinear impairment level. Nonlinear 
impairments due to Raman amplification will limit the maximum useful signal power 
in systems. 
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Fig. 6.15. Simulated (a) noise figure and MPI due to DRB and (b) nonlinear enhancement 
ratio versus net gain for various copump proportions. 17.6 km of EWB-DCF is used, and 
unsaturated amplification is assumed. 



Due to the fundamental limitations of Raman amplification with respect to noise 
and nonlinearity with a certain level of path-average signal power, the optimum design 
will focus on the minimization of the signal power excursion, signal-to-signal Raman 
scattering, and temperature-dependent noise [29]. EDFAs have at least a 3 dB noise 
figure, so EDFA postamplification will always degrade the noise performance in a 
Raman-based system. 



6.5. Optimizing Dispersion- Compensating Fibers for Use 
in Discrete Raman Amplifiers 

6.5.1. Raman Figure of Merit 

The fiber Raman net gain G„ et is the Raman on-off gain minus the fiber loss and other 
discrete losses, such as splices, couplers, and the like. Using Eq. (6.16) the net gain 
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Fig. 6.16. (a) Calculated Raman net gain versus fiber length normalized by maximum effective 
length; (b) calculated maximum net gain and optical length as functions of Raman figure of 
merit FOMr. 



can be calculated as: 

In (G net ) = CRPpL e ff— a s L — L e ff — (1 — e apL ) = L e ff mwl - — e 

(X p 

(6.22) 

where a s and a p are the fiber losses at the signal and pump wavelengths, respectively, 
ar, is the sum of the discrete losses, Pp is the pump power, L the fiber length, and 
L e jf, max = 1 /oL p is the maximum effective length. 

The dependence of Raman net gain on fiber length is illustrated in Fig. 6.16(a), 
using a EWB-DCF as an example. A maximum net gain at an optimum length L opt 
is observed. 

Using the approximation that the fiber attenuation at signal and pump wavelength 
is the same a s = a p , the optimum fiber length L opt can be expressed in the form of 

Lop , » VT • In ( FOMr Pp ) ; FOMr = — . 



(6.23) 
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FOMr is referred to as the Raman figure of merit [26]. The maximum net gain, which 
is reached using the optimum fiber length, can thus be obtained as 

In (G“f) ~ FOMr P p - 1 - In (FOMr ■ P p ) - a D . (6.24) 

This is almost linearly dependent on FOMr as illustrated in Fig. 6.16(b). The highest 
reported FOMr is 10.3(W _I • dB -1 ) [63]. 

FOMr is a strong tool for optimizing fibers for discrete Raman amplifiers, if the 
length can be chosen freely to equal L opl . Unfortunately, that is not the case for a 
DCRA where the fiber length has to be adjusted to obtain the required amount of 
dispersion. 

6.5.2. Optimizing DCF for DCRA 

The optimal DCF for a DCRA should fulfill the following requirements. 

1. Dispersion properties: 

a. RDS matching the transmission fiber; 

b. Low dispersion curvature; 

2. High Raman gain efficiency; 

3. Low loss at pump and signal wavelengths; 

4. Low Rayleigh backscatter coefficient; 

5. Optimum length: 

a. Long enough to obtain sufficient gain with the available pump power; 

b. Short enough to minimize MPI due to DRB. 

Requirements 2 and 3 can, to some extent, be combined in a requirement of maxi- 
mizing the Raman FOMr. Lowering the loss (requirement 3) normally also helps to 
reduce the Rayleigh backscatter coefficient (requirement 4). 

The last requirement can often be the most difficult to fulfill. Using standard DCF, 
the DCF length tends to be too long when compensating long lengths of SSMF, and 
it tends to be too short when compensating short lengths of NZDF. In the following, 
we give an example of how the fiber design can be optimized for compensation of 
short lengths of NZDF. 

6.5.2.I. Example: Optimized DCF for DCRA for TWRS Fibers 

The dispersion-compensating fiber HS-DCF (Table 6.3) is designed to match the 
dispersion slope of the TWRS transmission fiber in the L-band. Fibers with the same 
RDS as HS-DCF but with improved Raman gain properties have been produced: 
R-DCF-1 and R-DCF-2 with the typical values listed in Table 6.6. 

The dispersion of the new fibers is lower than that of HS-DCF. Thereby the length 
of fiber needed for compensating a certain amount of dispersion is increased, resulting 
in a longer gain medium for Raman amplification. The Rayleigh backscattering, re- 
sulting in MPI, is lower and the Raman FOM is higher for both R-DCF fibers making 
them better suited for Raman amplification, whereas the RDS is almost the same for 
all three fiber types. 
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Table 6.6. Measured Fiber Properties 



Fiber Type 


HS-DCF 


R-DCF-1 


R-DCF-2 


Attenuation @1585 nm (dB/km) 


0.57 


0.34 


0.42 


Dispersion @1585 nm [ps/(nm-km)] 


-111 


-71 


-78 


RDS @1585 nm (nm -1 ) 


0.0065 


0.0060 


0.0067 


Effective area @1580 nm (/xm 2 ) 


15.6 


21.0 


15.5 


Raman gain efficiency, pump @1453 nm (W — 1 km — *) 


3.6 


2.1 


3.2 


Raman FOM, pump @1453 (W -1 dB -1 ) 


4.4 


5.4 


5.8 


Rayleigh backscattering coefficient (10 -6 m -1 ) 


0.59 


0.31 


0.49 



Net Gain and Noise Figure [dB] MPI [dB] 





Wavelength [nm] Wavelength [nm] 

Fig. 6.17. Simulated net gain, noise figure, and DRB MPI in DCRA for compensation of 50 
km of TWRS transmission fiber keeping the pump power constant. 



Modules for compensating 50 km of TWRS in the L-band have been simulated. 
They consist of EHS-DCF in combination with HS-DCF or R-DCF-1 or R-DCF-2. 
Simulations with realistic system parameters have been performed on these modules 
and are shown in Fig. 6.17. It is seen that with R-DCF-2 an improvement in the gain 
of up to 1.6 dB can be obtained whereas with R-DCF-1 there is a slight improvement 
in both gain and MPI. 



6.6. Conclusion 

Dispersion-compensating fibers are a mature technology for dispersion compensation. 
Dispersion slope compensation is now possible for all types of transmission fibers. 
The next challenge for ultra-broadband and precise dispersion compensation is the 
dispersion curvature. With proper design of the DCF, broadband (e.g., C + F-band) 
dispersion compensation is possible for certain transmission fibers. DCF capable of 
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broadband dispersion compensation is especially useful for dispersion-compensating 
Raman amplifiers where simultaneous dispersion compensation and amplification 
can be realized with a few components in a cost-efficient manner. 

DCF is generally a good Raman gain medium. DCRA has been realized with a 
high gain for a moderate amount of pump power, low noise figure, and low multipath 
interference due to double Rayleigh back scattering. 

Due to the relatively short length, bidirectional pumping of a DCRAusing the same 
wavelengths for both co- and counter-pumping is not as appealing for reducing MPI 
and NF as for distributed Raman amplification. For broadband DCRAs, however, it 
is attractive to have the shorter pump wavelength copropagating and the longer pump 
wavelength counterpropagating to improve the noise figure and MPI. 

Use of DCF for DCRAs leads to new requirements, raising the need for new fiber 
designs optimized for this application. For example, it can be useful to optimize the 
DCF, so the required DCF length is not too short in a DCRA compensating a short 
length of low-dispersion NZDF or, conversely, not too long in a DCRA compensating 
long lengths of high-dispersion SSMF. 
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7.1. Introduction 

The Raman scattering of light is one of the oldest and most well-studied optical 
phenomena. It was discovered more than 70 years ago and was named after one of 
the authors of this discovery. In 1928 C. V. Raman and K. S. Krishnan published 
the paper in which they described light scattering in liquids, the frequency of the 
scattering light being less than the frequency of the initial light [1], The same year 
Russian physicists G. S. Landsberg and L. I. Mandelstam observed independently a 
similar light scattering in quartz [2] . 

It is interesting to note that from the very beginning spontaneous Raman scattering 
attracted much attention and systematic investigations of it were started in many 
laboratories. This was connected to a large degree with the possibility of using Raman 
scattering as an efficient tool for studying the vibronic structure of molecules and 
crystals. 

The advent of lasers allowed the observation of stimulated Raman scattering 
(SRS). The possibility of effectively transforming the frequency of laser radiation 
increased interest in this phenomenon even more [3]. SRS, as are other nonlinear 
optical phenomena, is the most efficient in optical waveguides because these structures 
maintain high pump power densities over considerable lengths (see, e.g., [4]). 

That’s why one of the first experiments with newly developed low-loss silica fibers 
was the experiment on stimulated Raman scattering. In 197 1 Stolen et al. [5] observed 
stimulated Raman emission in a single-mode silica fiber fabricated by Corning Glass 
Works. On the basis of this experiment the authors were the first to formulate a con- 
clusion about the possibility of constructing wideband optical amplifiers and Raman 
oscillators tunable over the range of 100 A. 

Already at that time, the fundamental advantages of Raman amplification were 
clear: 

• Amplification at any wavelength, provided the appropriate pump sources are 
available; 

• A fiber itself can be used as an active medium; and 

• A pump spectrum determines a gain spectrum. 
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The main disadvantage was also clear: a low value of the Raman scattering cross- 
section in glasses, especially in silica glass [ 6 ], which is two orders lower than that 
in some crystals and liquids. 

Before proceeding further it is necessary to clarify what a Raman fiber is. Every 
optical fiber has some Raman gain. Standard transmission fibers with silica core doped 
by a small concentration of GeCb have a low value of Raman gain and a Raman 
frequency shift of about 440 cm - 1 . However, for a number of applications such as 
lumped Raman amplifiers and Raman fiber lasers, special fibers with much higher 
Raman gain and (or) various Raman frequency shifts are often required. Besides, 
the shape of the Raman scattering spectrum can be an important feature for some 
applications. At present such special fibers are named Raman fibers. 

The main milestones in the development of Raman fibers are briefly considered 
in the following. 

In 1970 Ippen [7] observed stimulated Raman emission in a liquid core (CS 2 ) 
optical fiber. Liquid core fibers are of interest because many liquids have a high value 
of the Raman scattering cross-section and various Raman frequency shifts. However, 
they are not compatible with optical fiber communication (OFC) systems and this 
type of fibers is not considered here. 

Pioneer works by Stolen et al. [5, 8 ] on the observation of stimulated Raman 
emission and measurement of the Raman gain in a single-mode silica fiber aroused 
great interest in Raman scattering in various glasses. A large number of glasses were 
studied in the 1970s and the 1980s, among them single-component glasses, doped- 
silica glasses, and various multicomponent glasses, including heavy-metal oxides- 
doped glasses ( [9-16] and references therein). The goal of the research was to find 
glasses with enhanced and (or) new Raman gain features, which could be used as an 
efficient active medium for Raman fiber lasers and amplifiers. 

It was discovered that glasses containing heavy-metal oxides TLO, PbO, Bi 203 , 
and Sb 2 0 3 in combination with GeC> 2 , Si 02 , and AS 2 O 3 have very high Raman cross- 
section, 30 and 3 times exceeding that of Si 02 and Ge 02 , respectively [15]. Two glass 
systems — SI 32 O 3 • Ge 02 and Sb 20 3 • AS 2 O 3 — were found to be the most promising 
materials for high-gain Raman fibers. Unfortunately fabrication technology of low- 
loss fibers from these glasses has not yet been developed. 

The situation was quite the opposite with the technology of doped-silica glasses, 
the Raman scattering properties of which were investigated in detail. The relative 
Raman cross-sections of vitreous Si 02 , Ge 02 , B 2 O 3 , and P 2 O 5 , widely used in optical 
fiber technology, were accurately measured by Galeener et al. [1 1], It was found that 
germania glass has the highest cross-section, approximately nine times that of silica. 

The frequency shift in germania glass was measured to be about 420 cm -1 . Vitre- 
ous P 2 O 5 is also of great interest because this glass has two Raman scattering bands 
shifted by 650 and 1300 cm -1 . The cross-section for these bands is 5.7 and 3.5 times 
higher compared to silica. The presence of the Raman scattering band, shifted by 1300 
cm -1 (i.e., three times that for silica and germania) is the most important feature of 
P 2 O 5 glass. The relative Raman cross-section of B 2 O 3 glass is 4.7 with the Raman 
scattering band maximum at 808 cm -1 . 
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High values of the Raman cross-section of these glasses suggested that binary 
glasses SiCH-GeCH, Si 02 -P 205 , and SiC^-EGC^ could have high enough Raman 
gain and new gain bands. The Raman scattering spectra of these glasses and corre- 
sponding fibers were investigated in a number of papers [9, 10, 12, 16, 17], In partic- 
ular, it was shown that the main bands at 808 cm -1 and 650 cm -1 in vitreous B 2 O 3 
and P 2 O 5 , respectively, are greatly reduced in binary high-silica glasses, whereas the 
band at 420 cm -1 due to Ge-O-Ge vibration and the band at 1300 cm -1 due to 
P = O vibration remain strong [12]. It was also shown that the Raman cross-section 
of germanosilicate glass increases linearly with the germania concentration [16]. 

The obtained results showed that low-loss high Ge 02 - and P 20 s-doped silica 
fibers could be considered as promising high-gain Raman fibers. It was important 
that these fibers could be fabricated by well-developed techniques (MCVD, VAD, 
OVD) used for optical fiber production. However, serious problems were met with 
the fabrication of germanosilicate and phosphosilicate fibers doped by high amounts of 
P 2 O 5 and Ge 02 (more than 17 to 18 and 25 mol%, respectively). These problems were 
connected with the different melting temperatures and thermal expansion coefficients 
of SKD 2 , Ge 02 , and P 2 O 5 glasses. Besides, it was revealed that optical losses of these 
fibers grow substantially with increasing Ge 02 and P 2 O 5 contents. 

So further thorough investigations should be carried out to optimize the composi- 
tion and parameters of the fibers. Fortunately, a very important achievement, namely, 
the development and successful demonstration of CW-cascaded Raman fiber lasers 
and optical amplifiers for a 1.3 /xm window [18, 19], strongly stimulated this re- 
search. To estimate this achievement note that in the 1980s the technology of optical 
fiber communication reached the necessary maturity to call for optical amplifiers to 
proceed further in the creation of advanced OFC systems. Raman fiber amplifiers 
were considered a main candidate for this purpose. Despite much research that was 
carried out on Raman fiber amplifiers [20], the absence of appropriate pump sources 
didn’t allow the use of those amplifiers in practice. Because of low Raman gain in 
glasses the necessary CW pump power at wavelengths of 1.24 and 1.45 /xm has to 
be ~1 W to get high enough amplification at 1.31 and 1.53 /ini. But such lasers 
didn’t exist at that time. However, independent experiments carried out at the Gen- 
eral Physics Institute (Moscow) and at AT&T Bell Labs made it possible to develop 
practical pumping sources for optical fiber amplifiers, in particular for 1.31 /x m Ra- 
man fiber amplifiers. As a pump source the CW third Stokes (1.24 /xm) obtained by 
the cascaded stimulated Raman scattering of 1.06 /xm laser radiation was used in 
those experiments. At the General Physics Institute efficient Raman conversion was 
achieved by using a high Ge 02 -doped low-loss Raman fiber. A cascaded resonant 
Raman laser cavity utilizing intracavity fiber Bragg gratings was used at AT&T Bell 
Labs to efficiently convert a CW fiber laser source at 1.06 /xm to the third Stokes 
frequency [19]. 

Figure 7.1 shows the scheme of a 1.3 /xm Raman fiber amplifier, pumped for 
the first time by CW third Stokes radiation (1.24 /xm, 300 mW) [18]. A special high 
Ge 02 -doped fiber was also used as an active medium of the Raman amplifier. A gain 
of 10 dB was obtained at the CW pump power of 300 mW using 1.56 km of the 
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Fig. 7.1 . The scheme of the 1 .3 /xm Raman fiber amplifier: (1) laser diode emitting at k = 1 .309 
/x m; (2) CW mode-locking YAG:Nd laser emitting at k = 1.319 /xm; (3) beam splitter; (4) beam 
lock; (5) to a spectrum analyzer; (6) acoustooptic modulator; (7,12) microobjectives; (8) am- 
plifying fiber of length L amp =1.5 km; (9) wavelength-division multiplexer; (10) photodiode; 
(11) fiber converter of radiation to a third Stokes component with length L C on = 0.5 km; (13) 
CW YAG:Nd laser emitting at k = 1.06 /xm; 5 and P are the signal and pump radiation at the 
wavelengths of 1.319 (1.309) /xm and 1.239 /xm, respectively. The crosses identify the splices 
between the fibers. 



fiber with optical losses of 2 and 3 dB/km at wavelengths of 1.31 and 1.24 /xm. It 
is interesting to note that in this paper the following prediction was made. In the 
case of development of GeC>2 -doped fiber with optical losses a pump = 2 dB/km and 
^signal = 1 dB/km for 20 mol% of GeCb a small signal Raman gain of ~25 dB could 
be obtained at pump power of 300 mW. The close figures were obtained in 1998 [21]. 

The cascaded Raman fiber lasers pumped by laser diodes turned out to be a very 
efficient source of radiation in the spectral region 1.2 to 1.6 /xm which could be 
used to pump various optical amplifiers. However, to get the radiation in the long- 
wavelength part of the region, one needs to have more than three Raman cascades 
(therefore more than three pairs of gratings) if using a germanosilicate fiber [22]. To 
reduce the number of gratings a high P2O5 -doped fiber with a Raman frequency shift 
of 1300 cm -1 was suggested as a Raman medium [23]. This simplified the structure 
of lasers and increased their efficiency [24]. 

At present germanosilicate and phosphosilicate Raman fibers are widely used for 
constructing CW Raman fiber lasers, which can cover the whole spectral region of 
1.2 to 1.75 /xm [25]. These CW medium-power (1 to 10 W) lasers are a convenient 
laser source for pumping optical fiber amplifiers and some lasers. These applications 
ask for some specific requirements on Raman fibers, which are discussed in the next 
section. 
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7.2. Most Important Parameters of Raman Fibers 



7.2.1. Cross-Section of Spontaneous Raman Scattering (Raman Gain) 

The cross-section of spontaneous Raman scattering a is the most important character- 
istic of a Raman medium. The definition of a per molecule follows from an equation 
for the number of spontaneously scattered quanta N s per length of material dz per 
solid angle d£2 for one polarization [3]: 
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dN s — N a N L — 



d£ldz, 



where N a is the number of molecules per unit volume in the lower energy state 
and Nl is the number of incident laser quanta. The stimulated Raman scattering is 
characterized by exponential amplification of the Stokes wave 
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with the Raman gain coefficient 
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where El is the amplitude of the laser light wave, Nb is the number of molecules in 
the upper energy state, ni and n s are the indices of refraction at the laser and Stokes 
frequencies, c is the light velocity , v s is the Stokes frequency, and T a b is the width 
of a Stokes line. 

The normalized gain 

rcmig* 

Cr l W J I 

is often used. I is the intensity of laser light. 

A real Raman gain in a glass optical fiber depends not only on the Raman gain 
coefficient for a Raman medium, but also on the parameters of the fiber, namely, the 
effective length and the effective mode area. 

In practice the following expression for the fiber Raman gain coefficient is used, 
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where G is the measured linear small signal gain (on-off) and P D is the pump power, 

[1-exp -a p L)] 

eff ~ 

where a p are optical losses at the pumping wavelength, L is the fiber length, and 
L e ff is the effective fiber length. 

Sometimes it is more convenient to express the fiber Raman gain coefficient by 
dB/(m • W). Then 



go 



dB 

m-W 



10 

In 10 



Cr 



1 

m-W 




196 E.M. Dianov 



7.2.2. Spontaneous Raman Scattering Spectrum and Raman Frequency Shift 

The spontaneous Raman scattering spectrum determines the gain bandwidth of a fiber 
and depends on the glass composition. 

The Raman frequency shift is usually understood as a frequency difference be- 
tween pump radiation and the maximum of a Stokes band. The value of the Raman 
frequency shift determines the wavelength of pumping radiation in Raman amplifiers 
and the number of cascades in cascaded Raman fiber lasers for the given wavelength 
of pumping radiation. In the case of multiwavelength pumping of a Raman fiber am- 
plifier the Raman frequency shift determines the maximum gain bandwidth of this 
amplifier. 

7.2.3. Effective Mode Area 

The effective mode area is one of the most important characteristics of Raman fibers. 
It determines the intensity of pumping radiation for the given pump power. In turn 
the effective mode area is determined by the index profile of a fiber. 

7.2.4. Optical Losses 

Optical losses of a Raman fiber determine its effective length and are a key parameter 
of Raman fiber lasers and amplifiers. 

7.2.5. Photosensitivity 

At present fiber gratings are key elements of Raman fiber lasers and amplifiers. The 
photosensitivity of Raman fibers allows the writing of gratings directly in Raman 
fibers and therefore increasing the efficiency of Raman devices. 

7.2.6. Threshold of Catastrophic Damage 

At present in optical fiber communication systems laser radiation powers in the range 
of 0.5 to 1 W are widely used for pumping fiber amplifiers. Various Raman fiber lasers 
generating radiation in the spectral region of 1.2 to 1.7 /xm with the output powers 
of 1 W have been developed. So the threshold of the catastrophic damage of fibers 
that can take place at the powers of 0.5 to 1 W has become one of the most important 
characteristics of Raman fibers. 

The next section shows that at present both high GeCh- and PxOs-doped fibers 
mostly meet the required characteristics for Raman fibers. 

7.3. Recent Advances in Low-Loss High GeC> 2 - and P20s-Doped 
Optical Fibers 

Prospects of wide usage of germanosilicate and phosphosilicate Raman fibers for 
Raman fiber lasers and discrete Raman amplifiers increased interest in these fibers and 
led to thorough investigations of stimulated Raman scattering spectra of these fibers 
[26-35]. The investigations included: measurement methods of SRS spectra [28, 30, 
32], dependence of Raman gain coefficient on pump wavelength [35], prediction of 
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Raman gain spectra for germanosilicate fibers with arbitrary and given index profiles 
[33 , 34] , and Raman characteristics of optical fibers for discrete and distributed Raman 
amplifiers [27, 29, 3 1 , 32] . The Raman gain coefficient has been measured practically 
for all standard transmission fibers and for a number of experimental ones. 

It has been proved that in high GeC> 2 -doped fibers the Raman gain coefficient 
can be six to eight times that of standard transmission fibers. For example, the high 
GeOo -doped Raman fibers developed at the Fiber Optics Research Center (FORC, 
Moscow) have the Raman gain coefficient of 18,9 (dB/km • W) at 1.5 /i m compared 
to 3.1 and 2.8 (dB/km- W) for NZDSF and LEAF, respectively. The increase of 
Raman gain in high Ge 02 -doped fibers is due to two reasons: because of the increase 
of the Raman cross-section and (but more important), because of the decrease of the 
effective mode area. 

The Raman scattering spectrum consists of a single band with the maximum at 
440 cm -1 . 

The Raman scattering spectrum of a P-doped fiber consists of two bands, the 
narrow one at 1300 cm -1 and the broad one with the maximum at ~500 cm -1 
connected mainly with Si-O-Si vibration. In the case of P 2 O 5 -doped fibers with the 
P 2 O 5 concentration of 1 5 mol% the Raman gain coefficient of 1 0 (dB /km ■ W) (for the 
band at 1300 cm~ 1 ) exceeds two to three times that for standard transmission fibers. 
It is an advantage of a P 2 O 5 -doped fiber to have two gain bands because this provides 
a certain flexibility in constructing a Raman fiber laser for a given wavelength of 
generation [36]. 

Figure 7.2 shows spectra of the fiber Raman gain coefficient go for several fibers. 
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Fig. 7.2. The spectra of a fiber Raman gain coefficient for different fibers: (1) P-doped fiber 
(~10 mol% P 2 O 5 ); (2) large effective area fiber; (3) dispersion-shifted fiber; (4) high Ge-doped 
fiber (~25 mol% Ge 02 ); (5) nitrogen-doped fiber (An ~ 0.01). Pump wavelength is 1.24 /um. 
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As noted in Section 7.2 the photosensitivity of Raman fibers is of great importance 
because of wide applications of fiber gratings for Raman lasers and amplifiers. It is well 
known that germanosilicate fibers possess high photosensitivity which is enhanced 
with the increase of Ge 02 concentration (see, e.g., [37]). So there are no problems in 
writing gratings directly in a GeC> 2 -doped Raman fiber. 

The photosensitivity of P 2 O 5 -doped fibers was observed in 1994 (see, e.g., [38, 
39] ). It was reported that Bragg gratings can be written in a H 2 -sensitized P 2 O 5 -doped 
waveguide by using 193 nm irradiation. The photosensitivity of low-loss high P 2 O 5 - 
doped fibers has been studied at FORC [40], Figure 7.3 shows the refractive index 
change dependence on a 193 nm irradiation dose. It is seen that when using 193 nm 
UV light it is feasible to write strong gratings in FP -loaded phosphosilicate fibers. 

While considering the most important parameters of Raman fiber optical losses 
should be regarded as the most serious problem. It has already been mentioned that 
optical losses of high GeCp- and P 2 C> 5 -doped fibers increase with the content of 
dopants. 

Figure 7.4 shows an experimental dependence of optical losses of a germanosil- 
icate fiber fabricated by a standard MCVD technique on the germania content at the 
wavelength of 1.55 \x m (curve 1). Curve 2 shows the Rayleigh scattering. A number 
of papers devoted to investigations of optical losses in high Ge 02 -doped fibers have 
been published (see, e.g., [41-48]). 

Although the mechanisms of increasing optical losses are not fully understood, 
some dependencies of optical losses on fiber drawing conditions, the fiber structure, 
and composition were observed. It has been found that the excess losses decrease 
with the decrease of drawing temperature [41-43]. Optical losses are sensitive to 
the difference in softening temperature of core and cladding glasses [42] and are 
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Fig. 7.4. The experimental dependence of optical losses of germanosilicate fibers fabricated 
by a standard technique on germania content at the wavelength of 1.55 j/m (curve 1). Curve 2 
shows the Rayleigh scattering. 



lower in graded index profile fibers [41, 42]. A fluorine-doping core was shown to 
also decrease optical losses [44, 45]. Taking into account these dependencies high 
GeC> 2 -doped optical fibers with quite low losses have been developed. 

Figure 7.5 shows the loss spectra of germanosilicate fibers with 23.5, 26.2, and 
29.6 mol% of GeCb developed at FORC, using the MCVD technique [49]. 

The best results for fibers, fabricated by the VAD technique, are 0.35 and 0.51 
dB/km at a wavelength of 1.55 /i m for 25 and 30 mol% Ge 02 , respectively [46]. 

It should be noted that the VAD method is more advantageous for obtaining 
lower-loss highly doped fibers because of the absence of an index profile central 
dip. Besides, it is more flexible in choosing cladding glass, in particular, with lower 
melting temperature. This allows the drawing of fibers at lower temperature compared 
to MCVD fibers, where a substrate silica tube is used. Thus, low-loss Raman fibers 
(1 dB/km) with the concentration of Ge 02 up to 30 mol% have been developed. 

Now optical losses in high P 2 O 5 -doped silica fibers are considered. Unfortunately, 
there is the same situation here as for high Ge 02 -doped fiber, that is, the growth of 
optical losses with the concentration of P 2 O 5 For example, a phosphosilicate fiber 
doped with 17 mol% P 2 O 5 had optical losses of 2.8 and 5.7 dB/km at 1.32 and 1.59 
fi m, respectively [50]. 

The fabrication of high P 2 O 5 -doped optical fibers and the investigation of op- 
tical losses in these fibers are described in detail in [51, 52], Some results of this 
investigation are presented here. 

The fibers under study were fabricated by the MCVD technique. The deposited 
cladding had a F-P 205 -Si 02 composition. In order to decrease optical losses, freon 
(C 2 F 3 CI 3 ) was added into the gas mixture during the layer deposition. Figure 7.6 
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Fig. 7.5. Loss spectra of MCVD germanosilicate fibers. 
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Fig. 7.6. Radial distribution of phosphorus pentaoxide and fluorine. 



shows the radial distribution of phosphorous pentaoxide and fluorine determined by 
Xray microanalysis. Figure 7.7 shows the dependence of optical losses at 1.06 and 
1.24 fim on the P2O5 concentration for different fiber drawing temperatures. 

The optical loss spectrum of a phosphosilicate fiber doped with 13 mol% P2O5 is 
shown in Fig. 7.8. It is seen that the optical losses of 1 dB/km in the spectral region of 
1.2 to 1 .6 ;tm have been achieved, the optical losses at 1 .06 /mi being 1.6dB/km.The 
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Concentration, mol% 



Fig. 7.7. Losses in fibers versus P 2 O 5 concentration: ■ — at 1.06 fim (fiber drawing temper- 
ature 1940°C); □ — at 1.06 /rm (fiber drawing temperature 1860°C); • — at 1.24 fim (fiber 
drawing temperature 1940°C); O — at 1.24 gm (fiber drawing temperature 1860°C); solid 
line — evaluation of the minimum Rayleigh losses at 1.06 gm by means of linear approxima- 
tion of the data for I 0 W-P 2 O 5 fibers (drawn at 1940°C). 



development of low-loss germanosilicate and phosphosilicate Raman fibers allowed 
the construction of highly efficient Raman fiber lasers and lumped amplifiers (see, 
e.g., [21, 25, 53]). 

The next important issue is a catastrophic damage threshold of Raman fibers. 
The catastrophic damage of optical fibers (fiber fusion), occurring at relatively low 
optical powers (less than 1 W CW), was observed for the first time in 1987 [54]. If a 
fiber is locally heated to the temperature of ~1000°C the laser radiation propagating 
through the fiber is strongly absorbed by the heated piece of the fiber, increasing the 
temperature up to 5000 to 1 0,000° C. This high-temperature region will move with 
the velocity of ~1 m/s along the fiber towards a source of laser radiation, causing 
catastrophic damage of the fiber. The damage is manifested by a row of bullet-shaped 
cavities left in the core of a single-mode fiber (Fig. 7.9). Although a large number 
of papers have been published since 1987 (see [55, 56] and references therein) one 
cannot say that the phenomenon is well understood. 

At first this phenomenon was considered as a curiosity, but it is now of great 
importance for optical fiber communication. It is connected with the increase in optical 
power used in modern optical fiber communication systems. Various laser sources 
with the output power of ~1 W have been developed for pumping Er-doped and 
Raman fiber amplifiers used in the systems. 

In the case of propagation of the laser light with this level of power along a fiber 
any accidents leading to a strong local heating of the fiber can initiate catastrophic 
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Fig. 7.8. Phosphosilicate fiber loss spectrum. 




Fig. 7.9. Periodic structure of bubbles in the core of the single-mode fiber, formed under the 
action of the CW laser radiation of ~1 W power; (a) overview, demonstrates the periodicity of 
bubble formation. The arrow indicates the diameter of the fiber; (b) the same on an enlarged 
scale; (c) the endpoint of catastrophic damage propagation after the laser power is turned off. 
Each division of the scale is 10 /im (the scale refers to (b); and (c) white arrow shows the 
direction of light propagation. 
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Table 7.1. Parameters of the Fibers 



No. 


Core Constituents 


An x 10 2 


X c , M m 


Pth, w 


1 


SitA— P2O5 


1.4 


1.1 


0.85 


2 


Si02— Ge02 


2.6 


1.12 


0.45 


3 


Flexcor (Coming) 


0.65 


0.9 


0.90 


4 


SMF28 (Coming) 


0.41 


1.3 


1.05 


5 


Si02— Ge02 


1.0 


1.34 


0.60 


6 


Si02— Ge02 


0.15 


0.9 


1.40 


7 


Si02— Ge02 


0.15 


1.15 


1.55 


8 


Si02-Ge02(+B in cladding) 


0.08 


1.0 


0.65 


9 


Si02-Ge02(+F in cladding) 


3.0 


0.9 


0.35 



damage. A sharp fiber bending, a contact of a fiber end with absorbing substances, 
dust within couplers, or an electrical discharge are the most typical accidents. 

There is a threshold value of optical power /)/, below which the fiber fusion 
cannot propagate along a fiber. This threshold power for a number of fibers, including 
germanosilicate and phosphosilicate Raman fibers, has been measured for several 
wavelengths in the region 1 -p 1.5 // m [57]. Table 7.1 shows the parameters of the 
fibers under investigation and values of the threshold power for the wavelength of 
1.24 /tm. Figure 7.10 shows the dependence of the threshold mean light intensity in 
the core of the fiber I,i, on the mode field diameter (MFD). The low dispersion of the 




Fig. 7.10. The dependence of the fiber fuse threshold intensity on the mode-field diameter at 
the wavelength 1.24 fim for different fibers. The numbers of the datapoints correspond to the 
numbers of fibers in Table 7.1. 
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datapoints around the averaged line indicates that MFD is the principal parameter for 
the fiber fuse process. 



7.4. GeOa-Based Raman Fibers 

GeCF glass is a very promising material for Raman fibers. It was already shown that 
the Raman cross-section of this glass is nine times that of silica, the Raman frequency 
shift being 420 cm -1 [11], GeO?-based glasses have been known for many years 
and various properties of these glasses have been well studied, including viscosity, 
regions of glass formation in binary germanate systems, the structure of germanate 
glasses, and melts (see, e.g., [58]). However, technological difficulties in fabricating 
low-loss Ge02-based fibers didn’t allow widespread applications of the fibers as an 
active medium for Raman fiber lasers and amplifiers. 

It should be noted that in the early 1980s germania fibers were considered as 
a promising low-loss medium for optical communication and many papers were 
published devoted to the fabrication of low-loss Ge02 -based fibers, the measurements 
of main fiber characteristics, and the investigation of nonlinear optical phenomena, 
primarily, Raman scattering [59-76]. 

In 1979 Olshansky and Scherer [59] reported on several features of high Ge02 
glasses which make them attractive materials for low-loss, high-bandwidth optical 
fibers. 

According to their estimations, the zero material dispersion wavelength of this 
glass occurs in the 1.7 to 1.8 fu . m region and the Rayleigh scattering losses are on 
the order of 0.15 dB/km at the zero dispersion wavelength. Because the edge of 
fundamental infrared absorption of Ge02 glass is shifted to the long wavelengths 
compared to silica one can expect lower intrinsic losses of germania glass than are 
found with silica. So the next step should be an experimental confirmation of these 
estimations. 

In 1980 using a high purity Ge02 glass [60] the zero material dispersion wave- 
length /,() and the Rayleigh scattering losses were measured. It turned out that 
7.0 = 1.74 and 1.733 // m for unannealed and annealed samples, respectively, and the 
Rayleigh scattering losses are 0.3 dB/km at X — 1 .74 /im. Then the absorption spectra 
of Ge02 glass samples were measured in the UV and IR regions and the extrapolation 
of the absorption into the region of small absorption gave the minimum value of 0. 1 
dB/km at X 2 //m. Total optical losses were found as the sum of Rayleigh scattering 
and the tails of UV and IR absorption (Fig. 7.11) and amounted to 0.26 and 0.4 dB/km 
at the wavelengths of 2 and 1.74 /xm, respectively [61]. 

Great efforts were directed to the development of low-loss Ge02 -based glass 
fibers. Various techniques of fiber fabrication were used, including VAD [62-64, 66, 
68, 69], MCVD [75], VAD/OVD [72], and rod-in-tube [76]. The following combi- 
nations of glasses for the core and the cladding were used: Ge02 + Sb203/Ge02, 
Ge02 + StnOs/silicone resin, Ge02/GeO2 + F, and GeCb/SiCh. However, the low- 
est losses obtained amounted to 4 and 15 dB/km at wavelengths of 2 and 2.4 /tm, 
respectively [68, 69] and exceeded the estimated intrinsic losses more than 10 times. 
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The first observation of single-pass Raman generation in a Ge02 fiber was made 
using a multimode fiber with the core diameter of 93 /xm and the fiber length of 28 
m [65]. The authors observed up to six Raman Stokes lines at the pump power of 9 
kW from a ML/QS YAG : Nd laser. The value of the critical power was nine times 
smaller than that for a Si02 fiber with the same fiber parameters. These results were 
consistent with the measurement of relative Raman scattering cross-section of Ge02 
glass [11], 

The papers [70-72, 74-76] confirmed a high stimulated Raman scattering ef- 
ficiency and excellent prospects for Ge02-based Raman fibers in various appli- 
cations. Unfortunately in those early investigations the Raman gain coefficient of 
Ge02 glass fibers wasn’t measured. Recently the Raman gain coefficient of single- 
mode Ge02 fiber (Ah = 0.143, X c = 1.35 /im) was measured and turned out to be 
170(dB/(km • W)) at 1.3 gm [77], 

7.5. Tellurite-Based Raman Fibers 

Tellurite-based glasses have recently attracted considerable attention as an active 
material for lasers and optical amplifiers. The advantage of tellurite glasses as a laser 
material is connected with high-nonlinearity, low phonon energy, high transparency 
at visible and infrared wavelengths, and good mechanical characteristics. 

Tellurite-based glasses have a remarkably high density and refractive index. For 
example, d = 5.101 g/cm 3 and nj = 2.2forTe02 glass. The regions of glass formation 
of many binary tellurite glasses can be found in [78]. 





206 E.M. Dianov 



Although systematic investigations of tellurite glasses have been undertaken since 
1952 [58], the first publication on tellurite-based glass optical fibers appeared in 
1980 [79]. Fibers were fabricated with a conventional drawing apparatus at 400°C, us- 
ing the tellurite-based glass systems: Te 02 -W 03 -Ta? 05 , TeCL-WOs-BLC^, TeCL- 
BaO-ZnO, and TeCL-BaO-PBO. The samples of the glasses were prepared in gold 
crucibles. The lowest optical losses were 1 dB/m and 20 dB/m at 2 and 4 /i m, respec- 
tively. 

Recently several papers devoted to tellurite-based fiber Raman amplifiers have 
been published [80-83]. All the papers were published by one group of researchers 
and contained no information about the composition and fabrication of tellurite-based 
fibers. It was reported that the maximum gain coefficient of the tellurite-based fiber 
was 55 1/W • km, which is more than 10 times that of silica-based fibers. It is known 
that the Raman gain spectrum of tellurite-based glasses consists of two bands, one 
at ~400 cm -1 and a stronger band in the spectral region 640 to 740 cm -1 [84]. The 
tellurite-based fiber had An of 2.2% and the minimum optical losses of 20.4 dB/km 
at 1560 nm [80]. Large Raman gain coefficient of the fiber and two-band structure 
of the gain spectrum make possible wideband gain operation using relatively short 
lengths of the fiber (~200 m) and a small number of pump wavelengths. 

The 160 nm bandwidth with the gain of over 10 dB and noise figure below 10 dB 
in the spectral region of 1490 to 1650 nm was achieved using a tellurite-based fiber 
only 250 m in length and four pump wavelengths [80]. 

A hybrid tellurite/silica fiber Raman amplifier with seamless gain bandwidth of 
135 nm with the minimum gain of 22.8 dB has been reported [83]. These results show 
a great potential for tellurite-based Raman fibers. 



7.6. Conclusion 

At present it is clear that Raman fiber lasers and amplifiers are very important devices 
for optical fiber communication systems (see, e.g., [85]). 

Medium-power Raman fiber lasers, pumped by rare earth-doped double-clad fiber 
lasers, are an efficient light source for the spectral region of 1.2 to 1.75 // m . The main 
application of these lasers is pumping various fiber amplifiers and lasers. The region 
of Raman laser generation is limited by a growing intrinsic absorption of silica-based 
Raman fibers at X 1.7 /mi. 

Using GeCL- and TeCL-based low-loss Raman fibers it is possible to widen this 
spectral region up to 4 to 6 fx m. Taking into account the tendency in developing CW 
high-power (up to 1 kW) Yb-doped fiber lasers one can expect some new applications 
of high-power Raman fiber lasers, such as medical, material processing, and others. 

Raman fiber amplifiers are the most universal type of optical amplifiers and they 
have brilliant prospects for application in future optical communication systems as 
lumped amplifiers. At present the main shortcoming of Raman amplifiers is their 
relatively low efficiency. But this could be eliminated by using the above-mentioned 
germanate or tellurite Raman fibers. 
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So the most topical research area concerning Raman fibers is the development of 
technology of low-loss GeCB- and TeCL- based fibers and also the search for promising 
new glass compositions. In addition, further improvement of the performance of high 
CeCb- and P2O5 -doped silica fibers is also of great importance. 
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Chapter 8 



Noise due to Fast-Gain Dynamics 



C.R.S. Fludger 



8.1. Introduction 

The time response of the Raman effect is associated with the vibrations of the 
molecules in the gain medium and is on the order of several hundred femoseconds [ 1 ] . 
Compared to current data rates, this energy transfer is practically instantaneous re- 
sulting in very fast-gain dynamics. Fast-gain dynamics in semiconductor amplifiers 
results in a large amount of crosstalk between signal channels, even at high frequen- 
cies, and poor system performance. However, the Raman effect in optical fibers is 
quite weak such that the gain cavity needs to be several kilometers long. 

In a copumped Raman amplifier, the gain dynamics are averaged due to chromatic 
dispersion between pump and signal wavelengths. This lessens the impact of the fast 
physical process and results in improved system performance than would otherwise be 
expected. In a counter-pumped Raman amplifier, the different propagation directions 
of pump and signals averages the gain over the cavity length. This much stronger 
averaging greatly reduces system penalties in counter-pumped amplifiers. 

Models developed here quantify both the transfer of relative intensity noise (RIN) 
from the pump to the signal, and also the signal-to-signal crosstalk, mediated by the 
pump (crossgain modulation), in co- and counter-pumped Raman amplifiers. Mea- 
surements show good agreement with theory for different fibers with various disper- 
sion characteristics and lengths. 

As well as determining the actual energy transfer from pumps to signals, and 
from crossgain modulation, the system impact in terms of Q penalty has also been 
determined, counter-pumped Raman amplifiers show a good immunity to intensity 
noise transfer from the pump lasers, and no significant penalty from XGM. Copumped 
Raman amplifiers show high system impacts if the dispersion zero of the fiber lies 
between the pump and signal wavelengths, resulting in zero net dispersion and little 
noise averaging. 
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8.2. Transfer of Relative Intensity Noise from Pump to Signals 



The development of high-power fiber lasers and semiconductor lasers has led to 
increased interest in using Raman amplification for commercial systems. Fiber lasers, 
in particular, exhibit large amounts of intensity noise so that counter-pumping has 
often been used to average this noise over the length of the amplifier [2], In the 
first part of this section, the worst-possible case of relative intensity noise transfer 
is analyzed, where pump and signal copropagate without dispersion. The analysis is 
then extended to separately consider the cases of propagation of the pump and signal 
in the presence of dispersion and counterpropagation. The final part of this section 
draws conclusions based on realistic system scenarios. 

The effect of RIN is considered for a strong pump beam traveling in a single-mode 
optical fiber, either with or against the direction of a coexisting weak signal beam of 
a different optical wavelength. The fiber is assumed to exhibit wavelength-dependent 
attenuation and dispersion, but any optical nonlinearity other than Raman scattering 
is ignored. The signal beam is also assumed to be initially free from RIN, and pump 
depletion effects are neglected. Numerical techniques can be used to analyze the 
effect of pump depletion [3]. This has shown a small reduction in the RIN transfer 
^-penalty tolerance by 3 to 4 dB/Hz. 

Measurement results are then presented on three fiber types selected for their 
different loss and dispersion in order to confirm the analysis. Finally, predictions are 
made of the system impairment caused by RIN transfer from the Raman pump. 

8.2.1. Maximum RIN Transfer 

The maximum amount of relative intensity noise transferred from the Raman pump 
to the signal channels can be examined by applying a small amount of intensity 
modulation to the pump power: 

P p (<p) = P p0 (\ + mcos<£), (8.1) 

where P p q is the mean launched pump power, m is the modulation index, and </> is 
a phase variable. Assuming there are no averaging effects between the signal and 
pump, the gain can be calculated from the undepleted pump approximation: 

G — exp {-a s L + CRL ef fP p 0 (1 + m cos (8.2) 

where a s is the attenuation at the signal wavelength, L is the length of the fiber, C r 
is the Raman gain efficiency coefficient, and L e ff is the effective length. 

The instantaneous gain can be expressed in terms of the mean gain (G), and may 
be approximated if the modulation or RIN is assumed to be small: 

G = exp(— a s L + CRL ef fP p 0 (1 + m cos </>)) 

= (G) exp(C R L e f f PpQtn cos <p) 

~ (G}(1 + C R L e ffP p0 m cos 0) . 



(8.3) 
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The modulation of the pump, m P p o, can be expressed in terms of the mean square 
fluctuations (<5P“) and the Raman gain efficiency may be expressed in terms of the 
amount of Raman gain added to the fiber (Gr in linear units): 



mP p o = Vifinf) (8.4) 

ln(G^) = CRP p oL e ff. (8.5) 



The gain expression may be rewritten by substituting Eqs. (8.4) and (8.5) into 
Eq. (8.3): 



( 



G — (G) 



l+ln(G R )V2 



^Pj) 



\ 



V 



po 



COS (/> 



( 8 . 6 ) 



) 



If the d.c. gain is ignored, the instantaneous noise on the signal is: 
SG 



<G> 



= ln(G s )V2 



(IPj) 



po 



cost/). 



(8.7) 



The relative intensity noise on the signal r s is equal to the ratio of the mean square 
fluctuations in optical power ( SP s 2 } to the square of the mean optical power ( P s ) . 
This may be found by integrating the mean square fluctuations of the gain for all 
phases </): 



{Ps 



<G> 



(8P;) 

= — /-li i(Gj?) = r p ln(Gs), 

P p0 

where r p is the RIN on the pump laser in linear units: 



{SP 2 p ) 



( 8 . 8 ) 



(8.9) 



P o 



In decibels, the RIN of the signal R s can be expressed as the sum of the RIN on 
the pump R p and a gain dependent term: 



Rs = Pp + 20 log(ln(G^ )). (8.10) 

Therefore, in the worst case, the RIN on the signal after the Raman amplifier can be 
greater than the RIN on the pump. 



8.2.2. Copumped Raman Amplifier with Dispersion in the Fiber 

In a copumped Raman amplifier, the pump and signal will propagate at slightly dif- 
ferent velocities and therefore will “walk-off.” The walk-off is a function of the 
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dispersion of the fiber, and will average the transfer of the noise from the Raman 
pump to the signal. 

If a small amount of modulation at frequency / is applied to the pump, and 
assuming the undepleted pump approximation, the pump power at time t and distance 
Z along the fiber is: 



P p (z, t) — P p oe 0l P z (l+m sin[(27r/r - k p z) + </>]) 



= Ppoe 



1 + m sin ( 2rcf ( t — ) + (p 



( 8 . 11 ) 



where a p is the attenuation at the pump wavelength, k p is the propagation constant, 
V p is the group velocity at the pump wavelength, m is the modulation index, and (p 
is the phase of the modulation. If we take a frame of reference, moving at the signal 
velocity V s , then z—V s t and the pump power becomes only a function of time. 



Pp(t)=P p 0 e- a r v ‘ t 



1 + m sin 





( 8 . 12 ) 



The effect of dispersion on the pump modulation seen by the signal is shown in 
Fig. 8.1. The vertical axis shows the modulation amplitude relative to the mean pump 
power at the pump input. An increase in dispersion will cause the signal to experience 
more oscillations in gain in a given length of fiber, within an amplitude envelope 
governed by the fiber’s attenuation. 




Fig. 8.1. Variation of the pump as seen by the signal in a copumped Raman amplifier. Pump 
modulation of 100 MHz. Fiber length = 100 km, dispersion = 17 ps.nm -1 km -1 (solid line) 
and 4 ps.nm _1 km _1 (dotted line), m = 1, pump attenuation = 0.22 dB/km, pump at 1455 nm, 
and signal at 1550 nm. 
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The propagation of the signal can be determined from a time-dependent differen- 
tial equation: 



tt~ = -a, PAO + C R P s 
Vo at 



= -a s P s (t) + C R P s (t)P p oe pVs ’ 1 + m sin \2nf ill — — J+0J, 



where P s is the signal power and other symbols are defined earlier. For simplicity, a 
constant b is defined in terms of the difference in group velocity between the pump and 
signal. This can also be written using the chromatic dispersion D and the wavelength 
difference AX, 

b — 2n fl — — T = 2ttDAXV s (8.14) 



Integrating both sides of Eq. (8.13) across the transit time of the fiber (T): 
rP s (T) j r T 

/ —dP s = / -a s V s +C R V s P p0 e a p Vs, [\ + m sin(6/r + <f>)] dt 
J P s (0) Ps Jo 



= — ot s V s T + C R P p o 



(1 -g-apVsT) 



+ C R V s mP p o / e- a <’ v ° t sin{bft +<p)dt. (8.15) 

Jo 

The instantaneous gain G can therefore be found and expressed in terms of the mean 
gain (G>: 



T (1 -e-apVsT) r 7 

G = exp -a s V S T + C R P pQ + C R V s m P p0 

l oi p Jo 

— (G)exp C R V s mP p o f e ~ 0lpVst sin(h/f + </>) dt . 

L Jo 

This can be approximated for small amounts of modulation: 



+ CRV s mP p o / e ap st sin(bft + 0) dt 



G — (G> 1 + C R V s mP p o [ e- apVst sm (bft + <j>)dt . (8.17) 

L Jo 



The instantaneous fluctuation of the gain, dG, is: 



dG = {G)C R V s mP p0 / e~ apVst sin(h/r + <p) dt 



= (G)C R niP p o 



(a p V s ) 2 + (bf ) 2 



bf cos((/>) + a p V s sin (0) 

— e~ apVsT (a p V s sin (bfT + <p) + bf cos(b/T + f )) 
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The modulation of the pump mP p o can be expressed in terms of the mean square 
fluctuations (8P^), and the Raman gain efficiency may be written in terms of the 
amount of Raman gain added to the fiber ( Gr in linear units): 



dG 

W) 



/(8P 2 ) 

PpO 



In (Gr) 



VslL efr J 2 
(cipVs) 2 + (bf) 2 



bf cos((p) + a p V s sin(</>) 

—e~° 'p V sT (a,pV s sin (bfT + (/>) + bf cos(bfT + f)) 



(8.19) 



The relative intensity noise on the signal r s can once again be found by integrating 
the mean square fluctuations of the gain for all phases f: 



_ (SPf) _ 1 

( Ps > 2 2jt 
= r p ln(G^) 2 ( 




(Vs/L e ff)- \ 

(a p V s ) 2 + (bf) 2 J 



(1 - 2e~ apVsT cos (bfT) + e~ 2clpVsT ), 

(8.20) 



where r p is the RIN on the pump laser. Substituting for b, the RIN on the signal 
expressed in decibels ( R s ) is therefore: 



R, — R 



p -r 201og(ln(Gi?)) 



10 log 



( V s /L eff ) 2 



(a p V s ) 2 + (2jtDAXV s fy 



: ( 1 - 2e~ apL cos(2jtD AXLf) + e~ 2o,pL ) 



(8.21) 

where R p is the RIN on the Raman pump in decibels. For long lengths of fiber, this 
simplifies to: 



R, 



' R p + 20 log(ln(Gj?)) ■ 



10 log | 



(Vs/Leff) 2 



(a p V s ) 2 + (2jTDAXV s f) 2 



(8.22) 



8.2.3. counter-pumped Raman Amplifier 

In a counter-pumped Raman amplifier, the noise on the Raman pump will be averaged 
over the transit time of the amplifier. Assuming the undepleted pump approximation, 
the pump power along the fiber may be expressed in terms of time t and distance 
along the fiber z. 

{lrv p t,) p '’ ( " 0=a '’ p ' iz -' ) - <823) 

where V p is the group velocity at the pump wavelength. If a small amount of mod- 
ulation is applied to the pump, the power at time t and distance z along the fiber is 
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as given in Eq. (8.11) with z replaced by ( L — z) where L is the fiber length. The 
propagation of the signal may again be solved using a time-dependent differential 
equation with the signal moving at group velocity V s : 

+ ^^ 7 ) Ps ^ Z ’ t} = ~ aPs ^ z ’ t ' ) + CrP p( z ’ f ^(z, t). (8.24) 

Assuming a frame of reference moving with the signal, this then reduces to an equation 
of the form of Eq. (8.13) with z replaced by ( L — z) and V s replaced by (L — V s ). 
Because the effect of counterpropagation will dominate over that of dispersion, we 
also assume that the group velocity is the same for the pump and the signal: 

1 + m sin ^2jtf ^2f — — ^ + (p 

(8.25) 

The effect of averaging over the transit time of the fiber can be examined by 
considering the modulation on the pump, as seen by the signal while it propagates 
down the fiber. Figure 8.2 shows the case for pump modulation frequencies of 1 and 
10 kHz. If the pump is modulated at low frequencies, the signal will experience a 
slowly varying instantaneous gain and a large net change in gain compared to the gain 
that would be produced by a fixed pump power equal to the mean pump power. High- 
frequency modulation of the pump will result in the signal experiencing a rapidly 
oscillating instantaneous gain, and a small net change in gain. 



~~ = ~a s Ps(t) + C R P s (t)P p 0 e- ap{L - Vs,) 

V g Cl l 





Fig. 8.2. Variation of the pump as seen by the signal in a counter-pumped Raman amplifier 
for pump modulation of 1 kHz (solid line) and 10 kHz (dotted line). Fiber length = 100 km, 
m = 1; pump attenuation = 0.22 dB/km. 
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Equation (8.25) can be integrated across the transit time of the fiber ( T ): 
rP s (T) j pT 

/ ——dP s = V s {-a s + C R P p0 [l + msin(27rf(2t-T) + (P)]e- c, '’ {L - v ^)dt 
JP S < m F s(f) Jq 



— a s L + C R PpQ 



(l- e ~ a p L ) 



V s C R P p0 m f sin(27r/(2r- T) + <p)e 
Jo 



» a P (L Vs,) dt. 

(8.26) 

The instantaneous gain G can therefore be expressed in terms of the mean gain (G) 
and a time-averaged modulation: 

(1 - e ~ a P L ) 



G = exp I - a s L + C R P p0 - 



+ V s C R P p0 m f sm(2jtf (2t — T) + <p)e 
Jo 

{G)exp(v s C R P p om J sm(2jtf (2t — T) + <p)e 



-a„(L-V s t) 



a p(P Fy t ) 



dt 



dt 



(8.27) 



Because the modulations or noise fluctuations are small, the instantaneous gain can 
be approximated as 



- a„V s (T-t ) 



dt 



G«s (G) ^1 + V s C R P p om J sin(27r/(2r - T) + <p)e 

The instantaneous fluctuation of the gain (dG) is: 

dG = {G)V s C R P p0 m [ sin(27r/(2f — T) + <p)e~ clpVs( ' T ~ ,) dt 
Jo 

Ppom 



(8.28) 



= {G)V S C R 



(oi p V s ) 2 + (4-jtf) 2 



ot p V s (sm(2nfT + <p) + e a p VsT sm(2nfT — <p)) 

— 47r/(cos(27r/T + </>) — e~ apVsT cos(2tt fT — </>)) 



(8.29) 



The modulation of the pump (mP p o) can be expressed in terms of the mean 
square fluctuations ( SP 2 ), and the Raman gain efficiency may be written in terms of 
the amount of Raman gain added to the fiber ( Gr in linear units): 



SG 

W) 



(V2 ftsrf) 



ln(G ff ) Vs/Le -ff 

P p o (a p V s ) 2 + (4jtf) 2 



\ 



a p V s (sin(2nfT + cp)+e a p VsT s\n(2nfT — </>)) 

— 47r/(cos(2jr/T + </>) — e~ apVsT cos(27r fT — 0 )) 



(8.30) 
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Integrating the mean square fluctuations of the gain for all phases 4> will give the 
relative intensity noise on the signal ( r s ) : 



(. sp f) i r 2n 

(P s ) 2 Jo 




d(f> 



= r p (ln(G R )) 2 



( V s /L e ff ) 2 



(oipV s )- + (4jtfy 



(1 - 2e~ apL cos(47r/T) + e~ 2olpL ), 



(8.31) 



where r p is the RIN on the pump laser. In decibels, the RIN on the signal (R s ) is the 
sum of the RIN on the pump laser {R p ), a gain-dependent term, and a filtering term: 



Rs — R p + 20 log(ln(G/j)) 

+ 10 log | {Vs/Le f f) -(1 — 2e~ 0IpL cos(47r/T) + e~ 2apL )\ . 

& \(a p V s ) 2 + (4itf) 2y ■’ 7 

For long lengths of fiber, this simplifies to 



Rs 



Rp + 201og(ln(Gfl)) + 10 log 



( (Vs/Leff) 2 \ 

\(a p V s ) 2 + (4x.f) 2 ) ' 



(8.32) 



(8.33) 



8.2.4. Discussion of RIN Transfer in Raman Amplifiers 



Both Eq. (8.21), for a copumped Raman amplifier, and Eq. (8.32), for a counter- 
pumped amplifier, show that the relative intensity noise on the signal may be greater 
than that of the pump, with a maximum given by 



Rs = Rp + 201og(ln(Gj?)). (8.34) 



Therefore, if the RIN of the signal is to be no greater than the RIN of the pump, at 
all frequencies, the Raman gain must be limited to 4.3 dB. However, averaging will 
cause the RIN transfer to be reduced. Counterpropagation averages the noise over the 
transit length of the fiber, creating a low-pass filter with an extinction of 20 dB per 
decade. For long lengths of fiber, the —3 dB frequency for counter-pumping is: 



_oipV s 

Jc — . 

An 



(8.35) 



Typically, this is at a few kiloHertz for most transmission fibers. Copumping will 
average the noise transfer because the chromatic dispersion in the fiber will cause 
the signal and pump wavelengths to walk-off. The dispersion also acts as a low-pass 
filter with an extinction of 20 dB per decade. For copumping in long lengths of fiber, 
the —3 dB frequency is: 



fc = 



Up 

2nDAX 



(8.36) 



For distributed amplifiers, the exponential functions in Eqs. (8.21) and (8.32) be- 
come negligible and the — 3 dB corner frequencies become independent of the fiber 
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Attenuation (dB/km) 

Fig. 8.3. The — 3 dB corner frequency as a function of fiber attenuation for a counter-pumped 
Raman amplifier. 

length. Hence fiber span length can be neglected for most distributed amplifiers with 
40 km or more of transmission fiber. Fiber attenuation is the dominant factor that 
defines the corner frequency for a counter-pumped, distributed Raman amplifier. The 
simple linear relationship between the corner frequency and the fiber attenuation at the 
pump wavelength is shown in Fig. 8.3. For modern transmission fibers, the filtering ef- 
fect will occur near 1 kHz, compared to several kHz for dispersion-compensation fiber. 

The —3 dB corner frequencies for a distributed, copumped Raman amplifier are 
also dependent on the relative dispersion in the fiber between the signal and pump 
wavelengths. For a signal at 1555 nm and a pump at 1455 nm, there will be a linear 
relationship with attenuation. Due to the large variation when dispersion is included, 
this is plotted on a logarithmic graph in Fig. 8.4. It can be seen that in low-loss, 
nondispersion-shifted transmission fibers (D ~ 15 ps.km _1 nm _1 ), the corner fre- 
quency will occur at about 5 MHz, which could make copumping feasible. Fibers 
with very low dispersion near 1500 nm will have much higher corner frequencies and 
therefore the RIN transfer will be much greater. 

The dispersion in the fiber may be represented by a dispersion slope (y ) and a 
dispersion zero wavelength Do): 

D(X) = y(X-X Q ). (8.37) 

The — 3 dB corner frequency for a copumped Raman amplifier will therefore be: 

Up 

X n ~\~ Xc 

27T y(X s -X p ) — -Xo 



h dB = 



(8.38) 
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Fig. 8.4. The — 3 dB corner frequency as a function of fiber attenuation for a copumped Raman 
amplifier. Pump and signal wavelengths are spaced at 100 nm. 



Figure 8.5 shows a plot of the —3 dB corner frequency for various zero disper- 
sion wavelengths. Equation (8.38) has a root when the dispersion zero is midway 
between the pump and signal wavelengths. It can be seen from the figure that the 
corner frequency is greatly increased as the dispersion zero nears 1500 nm. There 
will therefore be significant RIN transfer at all frequencies if copumping is used in 
a nonzero dispersion-shifted fiber (NZ-DSF) which has its dispersion zero at 1500 
nm. Much better performance could be obtained from standard nondispersion-shifted 
fiber with a dispersion zero at 1300 nm. 

For very short or low-loss lengths of fiber, the corner frequencies will be increased 
and dips will be superimposed on the RIN transfer function. Examples of this behav- 
ior are shown in Fig. 8.6. The depths of these dips will be governed by the total 
attenuation of the fiber at the pump wavelength, and will tend to zero (— oo in dB), 
as the attenuation also tends to zero. For finite attenuation at the pump wavelength, 
the minima of the dips will coincide with the curve for a long length of fiber. The 
presence of the dips can be explained by considering a fiber with no loss at the pump 
wavelength. The gain is therefore evenly distributed along the fiber. If the pump is 
modulated, the instantaneous gain seen by the signal will vary as the signal prop- 
agates. Due to averaging between adjacent half-cycles, frequencies where an exact 
integer number of modulation cycles are contained in the gain region will result in 
the net modulation being zero. Conversely, there will always be some residual mod- 
ulation for frequencies where noninteger numbers of cycles are contained in the gain 
region. Maximum modulation will appear when an odd number of half-cycles of the 
modulation are contained in the fiber. As the attenuation in the fiber is increased, 
perfect gain cancellation cannot be obtained and the dips become less pronounced. 
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Dispersion zero wavelength (nm) 



Fig. 8.5. The — 3 dB corner frequency for a copumped Raman amplifier as a function of the 
zero dispersion wavelength in the fiber. Pump attenuation is 0.25 dB/km, dispersion slope is 
0.05 ps.nm _ “.km _1 , pump wavelength is 1450 nm, and signal wavelength is 1550 nm. 




Frequency (MHz) 



Fig. 8.6. RIN transfer spectrum for co- and counter-pumped Raman amplifiers with 10 dB of 
gain. Pump attenuation = 0.29 dB/km, length = 10 km (solid line) and 80 km (dotted line), 
dispersion = 15.6 ps.nm _1 .km _1 , pump at 1455 nm, and signal at 1555 nm. 
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The frequencies of the nulls can be obtained from Eqs. (8.21) and (8.32): 



For counter-pumping: /„ = 



N 
2 T 



NV S 
2 L 



(8.39) 



N 

For copumping: /„ = , (8.40) 

where N is an integer value. 



8.2.5. Measurements of RIN Transfer 

The RIN transfer functions for various fiber types can be determined by applying 
a known amount of modulation on the Raman pumps and detecting the resulting 
modulation on the signal channels. A pair of polarization multiplexed semiconductor 
diodes at a wavelength of 1455 nm were each biased to produce 300 mW output. A 
small modulation was applied using an electrical network analyzer, and the frequency 
response of the diodes was measured using a photodiode. An attenuator was used to 
limit the power into the photodiode to 2.5 dBm. 

The Raman pump unit was then used to co- or counter-pump several types of 
single-mode fiber. Figure 8.7 shows the configurations used for the experiments. In 
both configurations, an erbium-doped fiber preamplifier (EDFA) was used in conjunc- 
tion with an attenuator to keep the power at the photodiode at 2.5 dBm. This allowed 
the launched power of the signal at 1550 nm to be kept low so that the Raman pumps 
were not depleted in power by the signal, and the propagation of the signal remained 
in the linear regime. A 2 nm bandpass filter placed at the signal wavelength was used 
to reduce the spontaneous-spontaneous beat noise at the receiver. Because the power 
at the photodiode is always kept constant, the ratio of the frequency response of the 
pump lasers to the response measured on the signal gives the RIN transfer function. 



Raman 




Fig. 8.7. Experimental configurations to measure RIN transfer in a copumped (A) and counter- 
pumped ( B ) Raman amplifier. 
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Table 8.1. Characteristics of Fibers Used for RIN Measurements 



Fiber Type 


Length 

(km) 


Added gain 
(dB) 


Dispersion 
@1500 nm 
(ps/km/nm) 


Attenuation 
@1455 nm (dB/km) 


True Wave® RS NZ-DSF 


81.1 


12.6 


2.3 


0.25 


Corning DCM 


6.8 


7.4 


-97.6 


1.52 


RDF 


9.6 


7.0 


-15.7 


0.29 



8.2.6. Measurement Results for RIN Transfer 

Several fiber types were measured to examine the effect of fiber attenuation, chromatic 
dispersion characteristics, and fiber lengths. Table 8.1 shows the properties of these 
single-mode fibers. 

Figure 8.8 shows the results for the 8 1 km of nonzero dispersion-shifted fiber (NZ- 
DSF). Dispersion-shifted and nonzero dispersion- shifted fibers are attractive for use 
with distributed Raman amplification because in general they have smaller effective 
areas than standard nondispersion-shifted fibers and will therefore give greater Raman 
gain per milliWatt pump power. It can be seen that the measurement data agree very 
well with theoretical curves. Some measurement errors are apparent at about 1 kFIz, 
80 kHz, and 2 MHz. At these frequencies the modulation response of the pump lasers 
and the drive electronics became very small so that the signal-to-noise ratio on the 
measurements was degraded. The counter-pumped transfer function shows that the 
RIN from the pump laser is suppressed by more than 50 dB above a frequency of 




Fig. 8.8. RIN transfer characteristic for 81 km of True Wave® RS nonzero dispersion-shifted 
fiber (NZ-DSF). Dots indicate measurements and solid lines are the theoretical calculations. 
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Fig. 8.9. RIN transfer characteristic for a 6.8 km dispersion compensation module (DCM). 
Dots indicate measurements and solid lines are the theoretical calculations. 



1 MHz. The copumped transfer function indicates that the RIN of the signal will be 
increased by 10 dB relative to the RIN on the pump up to a frequency of 10 MHz. 
The RIN of the signal relative to that of the pump is only suppressed at frequencies 
above 100 MHz. This may mean that copumping this NZ-DSF fiber could result in a 
system penalty due to RIN transfer from the Raman pumps. 

The transfer characteristics of a dispersion-compensation module were then mea- 
sured. This type of fiber has a very small effective area and therefore a high Raman 
gain efficiency coefficient, although it is difficult to splice to standard fiber resulting 
in high insertion losses. It can be seen from Fig. 8.9 that since a short length of fiber 
has been used, ripples have appeared in the transfer function. The high dispersion in 
the fiber has caused the — 3 dB corner frequency for copumping to be less than that 
for the NZ-DSF. However, the increase in fiber attenuation at the pump wavelength 
prevents the decrease in corner frequency being dramatic. Ideally, for copumping, the 
fiber would have a high dispersion and low fiber loss at the pump wavelength. 

In order to measure the ripples in the RIN transfer function, a short length of exper- 
imental dispersion compensation fiber from Lucent Technologies Denmark (reverse 
dispersion fiber, RDF) was used. This was dispersion matched to nondispersion- 
shifted fiber (NDSF) and had a relatively small core so that the Raman gain efficiency 
was high. The attenuation at the pump wavelength was also relatively low so that any 
nulls would be quite pronounced. It can be seen from Fig. 8.10 that both the depth and 
position of the dips agree well with the theoretical predictions. The limited number 
of measurement points and finite resolution bandwidth on the electrical network ana- 
lyzer causes only the average RIN transfer function to be measured above 80 kHz on 
the counter-pumped amplifier. The relatively high chromatic dispersion and low fiber 
loss results in the — 3 dB corner frequency for a copumped Raman amplifier being 
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Frequency (MHz) 



Fig. 8.10. RIN transfer characteristic for 9.6 km of reverse dispersion fiber (RDF). Dots indicate 
measurements and solid lines are the theoretical calculations. 



at 28 MHz. For a long distributed amplifier, this decreases to 6 MHz, making this 
fiber type much more attractive for copumping than a NZ-DS fiber. NDSF will show 
similar RIN transfer characteristics although more pump power would be needed to 
achieve similar values of gain, inasmuch as the effective area is larger. 



8.2.7. Q Performance Degradation 

The degradation in performance of a transmission system may be estimated by looking 
at the change in the quality factor ( Q ): 



(h) ~ (/o) 
oq + CTO 



(8.41) 



where (Ii) is the mean current on “1” bits, (/o) is the mean current on the “0”s, 
cr i is the standard deviation on the “l”s, and op is the standard deviation on the Os. 
Assuming that the noise on the “0” bits is only due to spontaneous-spontaneous beat 
noise, and is therefore negligible, the Q in the absence of pump-to-signal RIN is given 



by 




oq 



(8.42) 



It is also assumed that the RIN on the signal laser can be treated as a Gaussian random 
variable and that the Q is therefore degraded to: 




(8.43) 




8. Noise due to Fast-Gain Dynamics 



229 



where ay is the standard deviation of the noise from the RIN on the signal. This can be 
found by integrating the RIN on the signal ( r s ) across the receiver bandwidth between 
frequencies f\ and f%: 

<r? = (h) 2 f 2 r s (f)df. (8.44) 

Jfi 

The Q penalty is therefore given by 



A Q = 





r s(f) df . 



(8.45) 



The penalty, measured in decibels, is therefore: 



Penalty (dB Q) = 10. log 




(8.46) 



The penalty due to RIN transfer from co- or counter-pumping may therefore be 
estimated by integrating the RIN spectra across the receiver bandwidth. In the case of 
distributed Raman amplification, where the simple expression for RIN may be used, 
integration across the signal bandwidth gives: 



For copumping 



l 



h 









2tt DAXa p L^j 



(8.47) 



rf 2 

l- / ' 

J h 



For counter-pumping: / r s (f) df — r p (\n(G r)) 

'fi 






Ajta p L- ff /V s 



(8.48) 



These may be written in terms of the — 3 dB corner frequency (/ c ): 



( 2 r s (f)df = r p (\n(G R )) 2 f 
Jfi Jf 



fi 



df 



h 1 + / 2 //, 2 

—if f- 



= r p (ln(Gj?)) f c tan — J - tan — 



fc 



,-t (h 



fc 



For many operating conditions f\ « f c and /2 f c , and this simplifies to: 



/, 



h 



r s(f) df = (ln(Gj?)) 



i xf c r p 



(8.49) 



(8.50) 



The penalty in Q therefore depends upon the baseline performance ( Q s ). Figure 8.11 
shows the estimated penalty due to RIN transfer for a co- or counterpropagating 
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RIN on pump (dB/Hz) 



Fig. 8.11. Estimated Q penalty at the receiver for different values of relative intensity noise on 
the copropagating (left) and counterpropagating (right) pump. Baseline Q s is 6, fiber type is 
NDSF with B e j ec = 10 kHz to 20 GHz, dispersion D = 15 ps.nm -1 . km -1 , gain is 10 dB, and 
attenuation at the pump wavelength is 0.25 dB.km -1 . Dashed line shows the penalty with a 
receiver bandwidth extending to d.c. frequencies. 



Raman pump with respect to a Q of 6. It can be seen that the counter-pumped configu- 
ration is significantly more tolerant of pump noise than the copumped configuration. 
Using nondispersion- shifted fiber, a counter-pumped distributed Raman amplifier 
may have a Raman pump with a RIN of up to —55 dB/Hz without suffering a 0.1 
d B o penalty whereas a copumped distributed Raman amplifier can tolerate only up to 
— 108 dB/Hz for the same penalty. Also, a counter-pumped distributed amplifier has 
50 dB more tolerance to RIN on the Raman pump. The figure uses typical electrical 
receiver bandwidths for a 40 Gb/s system, with a low-pass roll-off frequency of about 
10 kHz. There may be increased penalty and a reduction of RIN tolerance by about 
10 dB if the receiver response extends down to d.c. frequencies (see dashed line). 

It should be remembered that RIN transfer will accumulate linearly as the number 
of spans increases. Ten spans of copumped distributed Raman amplifiers with a pump 
RIN of — 1 1 0 dB/Hz will show almost 1 dB q penalty. RIN values of — 1 60 dB/Hz are 
typical for DFB lasers, whereas FBG stabilized semiconductor diodes tend to have 
RIN values of —130 to —140 dB/Hz. Fiber lasers are typically much noisier, with 
RIN values of between — 100 and —90 dB/Hz. 

The effect of dispersion on the estimated Q penalties (with respect to a Q of 6) 
from copropagating RIN transfer is illustrated in Fig. 8.12. The lower set of curves 
represents the penalties when using a nondispersion-shifted fiber (NDSF) with a 
dispersion of about 1 5 ps.nm - 1 .km - 1 , whereas the upper set of curves is for a nonzero 
dispersion-shifted fiber with a dispersion of about 2 ps.nm -1 .km -1 at 1500 nm. The 
NZ-DSF has about 8 dB less tolerance to RIN than the NDSF. If the zero dispersion 
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RIN on pump (dB/Hz) 



Fig. 8.12. Estimated Q penalty at the receiver for different values of relative intensity noise 
on the copropagating pump. Baseline Q s is 6 B e i ec = 10 kHz to 20 GHz. dispersion D = 15 
ps.nm -1 .km -1 (dotted line ) or D = 2ps.nm -1 .km -1 (solid line), gain is lOdB, and attenuation 
at the pump wavelength is 0.25 dB.km -1 . 



wavelength lay at the midpoint of the signal and pump wavelengths, the Q penalty 
would be significantly greater. 



8.3. Pump Induced Crossgain Modulation 

Numerical methods have been previously published [4, 5] for the calculation of 
crosstalk in co- and counter-pumped Raman amplifiers. The analytical theory de- 
scribing the frequency response of the signal-to-signal crosstalk in Raman amplifiers 
mediated by the pump (crossgain modulation) is reported here. Approximations are 
derived in order to explain and clarify the results. An analysis of the degradation 
in performance of a transmission is also estimated. This work follows and develops 
upon a method possibly used by Forghieri et al. [5] in a short conference paper, where 
no details of the mathematical model are shown. 

In a similar method to the RIN transfer analysis the effect of a weak signal beam 
is considered, traveling either with, or against, the direction of a strong pump beam, 
traveling in a single-mode fiber. This causes small perturbations in the intensity of 
the strong pump beam which are then transferred to another weak signal beam at a 
different wavelength, copropagating with the first weak signal beam. Once again, the 
fiber is assumed to exhibit wavelength-dependent attenuation and dispersion, but any 
optical nonlinearity other than Raman scattering is ignored. The undepleted pump 
approximation [6] is assumed, because the effect of crosstalk from a single channel 
is likely to be small. In the case of a WDM system, each channel will contribute a 
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small amount of pump-mediated crosstalk which all together may cause a significant 
system impact. 



8.3.1. Crossgain Modulation in Copumped Raman Amplifiers 



In the copumped Raman amplifier, dispersion will cause walk-off between the pump 
and all signal channels due to their propagation at slightly different velocities. The 
walk-off is a function of the dispersion of the fiber and will average the transfer 
of energy from both the signal to the pump and from the pump to another signal. 
Using the undepleted pump approximation, equations may be derived in a similar 
manner to the RIN transfer analysis. A modulated signal is considered propagating 
in the same direction as the strong pump beam. This causes small fluctuations in 
the gain experienced by a second signal, hence contributing towards crosstalk. By 
taking frames of reference traveling with the pump, and then with the second signal, 
a transfer function can be derived for the energy transfer (a detailed derivation is 
included in appendix 8). The variables for first signal have subscript s, the pump 
has subscript p, and the second signal has subscript c. The transfer function may be 
written in terms of the added (off-on) Raman gain for both source signal ( G as ) and 
the signal receiving the crosstalk ( G ac ): 



\H c (f)\ 2 = (V 2 (-^-) ^-j^ln(G fli )ln(G flC A 

\ V L eff ) v s P p0 ) 

x ^ J (j exp (—a p V c t) j P r (z x ) sin (sfr x + <p) dr x dr 



dip , 
(8.51) 



where V c is the speed of light of the second signal in the fiber of transit time T. L e ff 
is the effective length, v p and u v are the optical frequencies of the pump and signal 
light, respectively, of power launch power P s o and P p o, u p is the attenuation at the 
pump wavelength, and P r is a function describing the normalized average power of 
the first signal with time: 

( (I_g-«„V C T)\ 

P r (r) = exp \ -a s V c T + Cr s P p o — j , (8.52) 

where a s is the attenuation at the signal wavelength and s represents the velocity 
mismatch between the light beams: 

<853) 

The form of Eq. (8.51) that describes the crossgain modulation can be explained in 
terms of the energy transfer from the first signal to the second signal via the pump. 
The inner integral represents the average energy that the pump has accumulated from 
the first signal up until time r . The second integral sums the energy transfer from the 
pump wavelength to the second wavelength at each point along the fiber. 
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8.3.2. Crossgain Modulation in counter-pumped Raman Amplifiers 

A similar analysis follows for the case where the pump and signals propagate in 
opposite directions. Here dispersion is considered to be negligible compared to the 
averaging due to different transit directions so that all signals are assumed to travel at 
velocity V g , albeit in different directions. Using the undepleted pump approximation, 
and considering a small amount of modulation on the first signal (subscript s ), the 
fluctuations on a counterpropagating pump beam (subscript p) may be calculated. This 
can be used to derive the changes in gain experienced by a second signal (subscript 
c) copropagating with the first and counterpropagating with respect to the pump. The 
transfer function may be written in terms of the added (off-on) Raman gain for both 
source signal (G as ) and the signal receiving the crosstalk ( G ac ): 

\H c (f)\ 2 — (V2 ( ^^ln(G a ,)ln(G flC A 
\ \ L effJ U PpO ) 

X 2tt / / ex P (- a p v g(. T Pe(*x) sin(47r/ r x + <p') dr x dr d(p', 

(8.54) 



where the variables are the same as the copropagating pump case, and the function 
P e describes the normalized power of the first signal at time r : 



P e (r)=exp -a s V g r + 



ln(G aj ) c L (e a P v s T — 1) 



The inner integral in the transfer function represents the transfer of energy from the 
first signal to the pump at time r. Because the pump and signal travel in different 
directions, the integral is now from r to T rather than 0 to r, which is the form for the 
copropagating Raman amplifier. The second integral sums the energy transfer from 
the pump to the second wavelength at each point along the fiber. 



8.3.3. Approximation for Constant Gain per Unit Length 



If the fiber loss at the pump wavelength is low, the gain may be considered to be 
equally distributed along the fiber with gain per unit length k. If the attenuation at 
the pump wavelength is considered to be negligible, the modulation transfer function 
may be simplified. 

For the copropagating Raman amplifier, the transfer function is: 



\H c (f)\ 2 = 



V p PcQ 

— ln(G a . s ) In (G flc ) 

Ts PpO 



eff / V s P p0 —'—J [ {K V p ) 2 + (sf) 2 f 
[( Tef ) 2 + ( TkV p + l) 2 - 2e KV ” T {(kV p T + 1) cos (e/T) 

+ Te/sinfe/T)) + e 2 * y p r J . 
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This equation represents a low-pass filter, with a roll-off at frequency k V p /e due to 
dispersion. For the counterpropagating Raman amplifier, the transfer function is: 



\H c (f)\ 2 =- 



V, 



g \ YL^i n(Gas)MGac) 



1 



[(*" Vg) 2 + (47t/) 2 ] 2 
x ^e 2lcVgTc [( TV g K - l) 2 + (4;r/T) 2 ] 

+ 2e KV * T [(TV g K- l)cos(47r/7’)-47r./Tsin(47r/7')] + ij . 

(8.57) 



Leff ) PpO 



This equation also represents a low-pass filter, with a roll-off at frequency k V g /4rc 
due to the different transit directions. 

In both cases, an increase in the gain per unit length k will cause the roll-off 
frequency to be raised. However, the slope of the roll-off will vary slightly because 
of the different boundary conditions used to solve the equations. At low gains, with 
small values of k, both transfer functions exhibit roll-offs at 20 dB/decade, due to 
cancellation of terms in the top and bottom of the equations. As k increases, the last 
exponential term in Eq. (8.56) dominates and the roll-off tends towards 40 dB/decade 
in the copumped Raman amplifier. Here there is both the 20 dB/decade roll-off for the 
transfer of energy from the signal to the pump, and another 20 dB/decade roll-off for 
the transfer of energy from the pump to the second signal. In practice, this is difficult 
to observe because the ideal fiber would be a long fiber with high dispersion and 
negligible attenuation. Relative intensity noise transfer from the pump also tends to 
obscure measurements. The presence of attenuation confines the gain to within the 
effective length of the fiber and limits the averaging due to dispersion. 

In the counter-pumped Raman amplifier, the first term in Eq. (8.57) becomes 
large as k increases, and the roll-off rate remains at 20 dB/decade. The 40 dB/decade 
roll-off rate will only be observed in a counter-pumped Raman amplifier if the gain 
per unit length k is large and negative (attenuation). This will not be the case for an 
amplifier, which requires k to be positive. 

The physical difference between the co- and counterpropagating cases may be 
explained by considering the interactions between the pump and the signals. In the 
copropagating case, the transfer of energy from the first signal to the pump, and then 
to the second signal, is averaged along the complete length of the gain medium. Near 
the end of the fiber, the second signal (probe) will be receiving energy from the pump 
that has been averaged twice by the dispersion of the fiber. The averaging process 
is different in the case of the counterpropagating pump. At the start of the fiber the 
second signal (probe) receives crosstalk energy from the first signal via the pump 
which has only been averaged once. At the end of the fiber, the pump itself has not 
interacted with the first signal over a long length, and hence little averaging has taken 
place. Hence, in a high-gain amplifier with negligible pump attenuation, the roll-off 
with a copropagating pump will be at a greater rate than for a counterpropagating 
pump. 
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Frequency (MHz) 



Fig. 8.13. Transfer function for signal spectral density for a discrete Raman amplifier, length 
10 km. Attenuation at pump 0.25 dB/km; at signal 0.22 dB/km; peak Raman gain efficiency 
C r 0.6 W -1 km -1 ; input signal power —10 dBm. Dispersion between pump at 1455 nm and 
signal at 1555 nm is 2.3 ps.nrn - 1 .km— 1. 



8.3.4. Simulations of Crossgain Modulation in Discrete Raman Amplifiers 

The model (integrating Eqs. (8.5 1) and (8.54), can be used to predict the noise spectra 
of high-gain discrete Raman amplifiers. Here we assume the amplifier is a single-stage 
amplifier with 10 km of NZ-DSF, with a high-power pump at 1455 nm to provide 
gain at 1555 nm. The crossgain modulation spectra can be seen in Fig. 8.13 for gains 
of 15, 20, and 25 dB and input signal powers of — 10 dBm/ch. The roll-off frequency 
is about 10 kHz and 200 MHz for the counter- and copumped amplifiers, respectively. 
An increase in the gain of the amplifier will also slightly raise the roll-off frequency. 
The rate of roll-off is also higher in the case of the copump, and peaks and nulls are 
apparent which become less pronounced as the gain increases. 

It is apparent that the counter-pumped amplifier gives a larger amount of crosstalk 
at low frequencies than the copumped case for the same value of gain and signal input 
power. Although the total amount of energy transferred to the pump is the same for 
both types of amplifier (if the fiber attenuation is neglected and an undepleted pump 
is assumed), the place where the transfer occurs is different. In the counter-pumped 
configuration, the signal power is greatest at the end of the fiber where the pump enters 
the amplifier. Modulation from the first signal is quickly transferred to the pump. A 
second probe signal will experience a strong amount of modulation from the front end 
onwards. In the copumped amplifier, the transfer of energy from the first signal to the 
pump will build up much more progressively and therefore the second probe signal 
will not see such a strong amount of modulation throughout the length of the amplifier. 
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Fig. 8.14. Relative modulation on pump experienced by second probe signal for a co- and 
counter-pumped Raman amplifier. Length = 10 km; pump and signal attenuations are zero. 



Figure 8.14 shows the relative low frequency modulation experienced along the 
length of the amplifier in the co- and counter-pumped configurations using the pump 
propagation equations detailed sfin the appendix, with the d.c. component removed. 
The case of zero pump and signal attenuation has been considered so that the overall 
transfer of energy from the first signal to the pump is the same. It can be seen that the 
amount of modulation accumulated on the pump builds up in proportion to the power 
of the signal and the pump (here the pump power is constant). For the copropagating 
pump, the pump modulation is largest at the end of the fiber span and the counter- 
propagating pump has the largest modulation at the signal input. It is clear from the 
figure that a second probe signal will experience modulation from the pump over a 
far greater length in a counter-pumped amplifier than in a copumped amplifier. 

8.3.5. Simulations of Crossgain Modulation in Distributed Raman Amplifiers 

The model can also be used to predict the crosstalk characteristics for distributed 
Raman amplifiers (see Fig. 8.15). The transmission fiber is 80 km of NZ-DSF 
(TrueWave® RS), with a high-power pump at 1455 nm to provide gain at 1555 nm. 
The signal launch power was 0 dBm/ch. 

In a distributed amplifier, the copumped configuration shows a far greater amount 
of crosstalk than the counter-pumped case at low frequencies. In a copumped dis- 
tributed amplifier, the pump interacts with a strong signal at the launch end of the 
fiber and therefore there is a large amount of energy transferred to the pump. In the 
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Fig. 8.15. Transfer function for signal spectral density for a co- and counter-pumped distributed 
Raman amplifier, length 80 km. Attenuation at pump 0.25 dB/km, at signal 0.22 dB/km, peak 
Raman gain efficiency Cr 0.6 W -1 km - , input signal power 0 dBm. Dispersion between 
pump at 1455 nm and signal at 1555 nm is 2.3 ps.nm - 1 .km - 1 . 



counter-pumped distributed amplifier, the signal is quite weak when it begins to inter- 
act with the pump at the end of the fiber span. Therefore there is less energy transferred 
to the pump. 

In comparison with the discrete amplifier, the distributed amplifier has roll-off 
frequencies that are about 10 times lower due to the increased fiber length. The 
crosstalk for the copump is slightly increased because the signal launch power into 
the fiber span is about 10 dB higher. Both types of amplifier show a slightly greater 
roll-off frequency for increases in added Raman gain. 

8.3.6. Measurements of Crossgain Modulation 

The crossgain modulation was measured using a similar method to that which was 
used to measure the RIN transfer, in order to validate the model. A fiber was either co- 
or counter-pumped using a pair of polarization multiplexed 1455 nm semiconductor 
diodes (see Fig. (8. 16). A signal laser at 1554 nm (kj) was modulated by an electrical 
network analyzer and multiplexed with a CW probe laser at 1550 nm (A. 2 ). The signal 
and probe lasers were then launched into the test fiber, propagating either with, or 
against, the direction of the Raman pump. Care was taken to avoid stimulated Brillouin 
scattering or saturation of the pump laser. A demultiplexer was then used to filter out 
the modulated signal laser. Any modulation on the probe beam was detected using an 
optically preamplified photodetector, and displayed on the electrical network analyzer. 
A 2 nm optical filter was placed after the EDFA preamplifier to reduce spontaneous- 
spontaneous beat noise. The optical power onto the photodiode was kept constant 
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Fig. 8.16. Experimental setup for measuring crossgain modulation in a Raman amplifier. 



Table 8.2. Characteristics of Fibers Used for XGM Measurements 



Fiber Type 


Length 

(km) 


Dispersion 
@1500 nm 
(ps/km/nm) 


Attenuation 
@1455 nm 
(dB/km) 


Attenuation 
@1555 nm (dB/km) 


Gain 

(dB) 


TrueWave® RS 
NZ-DSF 


40.4 


2.3 


0.25 


0.20 


12 


Corning DCM 


6.8 


-97.6 


1.52 


0.88 


7.5 


NDSF 


25.5 


13 


0.25 


0.19 


6.5 



and the crossgain modulation spectrum could be calculated from the ratio of received 
spectrum from the CW probe after passing through the Raman amplifier (iG) and the 
spectrum from the modulated signal (7, | ), before the Raman amplifier. 

The crossgain modulation was measured for three fiber types as shown in Table 8.2. 

8.3.7. Results of Crossgain Modulation Measurements 

Both the NDSF and NZ-DSF (TrueWave® RS) are relatively low-loss fibers but 
exhibit different dispersion characteristics. The crossgain modulation characteristics 
for the NDSF and NZ-DSF are shown in Figs. 8.17 and 8. 1 8 for two different values of 
signal and probe power. Some measurement noise is visible which is attributed to low 
crosstalk levels and to the modulation response of the laser diodes under direct current 
modulation. The laser diodes were designed as CW source lasers. The longer length 
of the NZ-DSF causes greater averaging such that the roll-off frequency is slightly 
lower for the counter-pumped NZ-DSF at around 1 kHz. However, inasmuch as there 
is more dispersion in the NDSF, the roll-off frequency for a copumped amplifier is 
lower in the NDSF than the NZ-DSF. For a copumped amplifier using NZ-DSF, the 
crosstalk extends to almost 70 MHz. If the dispersion zero lies precisely between 
the pump and signal wavelengths, crosstalk will be experienced in the GHz range. 
Simulations (shown as solid lines) using Eqs. (8.51) and (8.54), agree well with 
measurements although there is some discrepancy in the roll-off shape. Nevertheless, 
good predictions of the noise transfer process may be made using the model. 

Measurements were also taken for a 6.8 km dispersion compensation module (see 
Fig. 8.19). Because the fiber length is quite short, the low-frequency roll-off for the 
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Fig. 8.17. Crossgain modulation for co- and counter-pumped Raman amplifier using 25 km 
of NDSF for two different values of signal and probe power. Dots indicate measurements and 
lines are simulations. 
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Fig. 8.18. Crossgain modulation for co- and counter-pumped Raman amplifier using 40 km of 
NZ-DSF for two different values of signal and probe power. Solid lines indicate simulations. 
Points are measurements. 



counter-pumped configuration is at about 10 kHz. counter-pumped discrete Raman 
amplifiers using short lengths of gain fiber will typically have roll-off frequencies 
that are 10 times that of a distributed amplifier. The dispersion between pump and 
signals is quite high for the DCF such that even for only 6.8 km, a counter-pumped 
amplifier will have a roll-off frequency at around 10 MHz. For the relatively low 
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Fig. 8.19. Crossgain modulation for co- and counter-pumped Raman amplifier using 6.8 km of 
DCF for two different values of signal and probe power. Solid lines indicate simulations. Dots 
are measurements. 



amounts of gain obtained using a semiconductor Raman pump, the trend towards a 
40 dB/decade roll-off predicted by theory in the copumped amplifier could not be 
verified. 



8.3.8. Power Penalties due to Pump-Mediated Crosstalk 

The previous sections have derived the equations for the power transfer for differ- 
ent frequencies, between signals, via the pump. If the system is assumed to be a 
Wide Sense Stationary linear stochastic process [7], the power spectral density of the 
crosstalk on the second signal is given by the product of the power spectral density 
of the first signal, and the power transfer function H r \ 2 : 

S c (£2) = \mn)\ 2 S s m, (8.58) 



where S s is the power spectral density (PSD) of the signal. For a rectangular NRZ 
pseudorandom bit sequence (PRBS) of bit duration T can be calculated, and may be 
approximated at low frequencies: 



S s (tt) = 



PfT sin 2 (£2772) 
~4 (£2772) 2 



-2n J2 



<5 £ 2- 




(8.59) 



The noise produced on the signal will be a low-frequency modulation of the gain that 
the signal experiences. If we assume that this noise represents a zero mean (ji — 0), 
intensity noise on top of the data signal, the variance of this intensity modulation 
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can be found by calculating the expectation (E) of the received power. The mean 
square variation can then be calculated using Parseval’s theorem or by using the 
autocorrelation function [8]: 

1 C°° 

ac=E[(x-n) 2 ] = E[x 2 ]-n 2 = R c (0) = - / \H(Q)\ 2 S s (Q)dQ. (8.60) 

x J 0+ 



The degradation in performance of a transmission system may be estimated by 
looking at the change in the quality factor ( Q ). The amplitude noise on the signal laser 
can be treated as a Gaussian random variable and that the Q is therefore degraded to: 



Qr — 



(Pi) 

^ a l + G c 



The Q penalty is therefore given by 



A0 = 





J 1 p oo 

02 / \H(f)\*df. 

L 40+ 



The penalty, measured in decibels, is therefore: 



Penalty (dBQ) = 10. log 




(8.61) 



(8.62) 



(8.63) 



Although there is no exact analytical solution for the transfer function H(f), the 
overall result is a low-pass filter. In most cases, a filter shape with a roll-off of 20 
dB/decade can be used. This can be fitted to the numerical or measured data using 
the d.c. value (A) and the 3 dB roll-off frequency f$ dB : 



\H(f)\ 2 = 




(8.64) 



where for copumping: 



A = 



1 v p P s ' 

p ]n(Gas) MG ac ) 



L~ff v s P P 

L rz 



[ e~ a P z r 

Jo Jo 



exp — a s x + 



In (Gas) 1 - 



-eff 



dx dz 



h dB 






_ Vp 1 + D p C A.X pc V p 

£peff Dps^"EpsVp 



(8.65) 

(8.66) 



where D ps and D pc are the dispersion between the pump and the first signal at a 
wavelength difference of AX ps , and the pump and the second signal at a wavelength 
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difference of AX pc . This approximation assumes that the 3 dB point is set by the 
dispersion between the pump and signals over the effective length of the fiber. An 
equivalent approximation for counter-pumped amplifiers is: 

/ I v„ P. \ 2 

A = 



1 v p P s ' 

p -\n(G as )ln(G ac ) 



, L lff P p 






L ( , ln(G a ,) _ anL e a P x -\ 

exp I — a s x H T e p 



J eff 



Otr. 



h 



dB 



47tL, 



eff 



dx dz ) (8.67) 

( 8 . 68 ) 



where the 3 dB point is now set by the round-trip transit time over the effective length 
of the fiber. In general, the crosstalk will accumulate for multiple transmission spans, 
and for large numbers of signals. Because it can be assumed that the information 
content of each channel will be uncorrelated, the crossgain modulation will increase 
linearly with the number of signal channels (.S’). For long-haul transmission systems 
where the dispersion is completely or partially compensated per span (of number N), 
crossgain modulation noise at low frequencies may buildup coherently. For example, 
if the dispersion “map-height” is 180 ps/nm, the largest walk-off between channels 
spaced over 20 nm is less than 3.8 ns. Therefore, if the corner frequency is less than 
26 MHz, the low-frequency amplitude noise will be the same at each span resulting 
in the noise being correlated. The penalty would therefore be: 



Penalty (dBQ) =10. log 



1 + N 2 (S — l)Q~ — Ajtf^ dB 



(8.69) 



It is desirable to use multiple pumps to produce a flat gain spectrum. The resulting 
crosstalk is somewhat complicated by the interaction between copropagating pump 
wavelengths and the noise transferred by the signals. As an approximation, we might 
assume that the number of interfering channels will be limited by the number that can 
be placed upon the gain spectrum from a single Raman pump. From Fig. 8.20, we 
can estimate that the crosstalk is dominated by about 26 channels on a 100 GHz grid. 

Equation (8.69) can be used to estimate the penalties for a NZ-DSF (TrueWave® 
RS) transmission system with 100 km spans, using co- and counter-pumped dis- 
tributed Raman amplification. Figure 8.21 shows the penalty for the worst-case chan- 
nel (1530 nm) in a WDM system (26 signals from 1530 to 1556), when amplified 
using a 1455 nm pump. The bit rate is 40 Gb/s and the Q penalty is based on a linear 
Q of 6. It is clear that inasmuch as the roll-off frequency for the counter-pumped 
amplifier is so low, there is negligible impact from crossgain modulation. Copumped 
amplifiers are likely to be more susceptible to pump-mediated crosstalk because the 
averaging due to dispersion is less. Significant penalties (greater than 0.1 dBg), can 
occur in a single span copumped system with gains greater than 20 dB. Alternatively, 
similar penalties may result for lower gains of 8 dB when 20 or more spans are used. 
Other NZ-DSF fiber (such as LEAF) with dispersion zero wavelengths between the 
pump and signals are likely to show more significant penalties when copumped. 
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Fig. 8.20. Dominant channels contributing towards signal-signal crosstalk mediated by a single 
pump wavelength. 




Fig. 8.21. Q penalties for 1 to 20 spans of 100 km True Wave® RS. 26 signals copumped with 
—5 dBm/ch, and counter-pumped with 0 dBrn/ch signal launch power. 



8.4. WDM Transients 

Although the small-scale effect of signal-to-signal crosstalk via pump modulation 
has been considered earlier, WDM systems may experience large-scale fluctuations 
in the input signal powers. This may be due to the adding and dropping of many 
channels in the course of traffic routing, or due to accidental faults such as a fiber 
break. In a WDM system, a Raman amplifier will operate in some degree of saturation 
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such that if the input signal power is reduced, the gain experienced by the remaining 
channels is increased. The transition between the saturated and unsaturated states 
can result in both power spikes and power undershoots [9]. Power spikes may result 
in a higher degree of nonlinearity, error bursts, or damage to optical components. 
Power undershoots may cause a degradation of signal-to-noise ratio and further burst 
errors. 

Chen and Wong showed that the transients in backward-pumped Raman amplifiers 
may be modeled using a set of coupled time-varying differential equations that must be 
solved numerically [9], and Bononi has derived a simplified semianalytical approach 
[10]. Both methods show the same characteristics, and become more complex as 
pump-to-pump Raman interactions need to be taken into account [11], 

Figure 8.22 shows the signal traces produced when a large step change in signal 
power enters a counter-pumped Raman amplifier, and saturates the gain [9]. The large 
overshoot as the signal is added is caused by the unsaturated amplifier gain. The first 
part of the signal receives a large gain and quickly depletes the pump. Although the 
leading edge becomes large, there is now less pump power available to the remaining 
signal. In fact, the trailing signal receives less gain than the steady-state saturated gain 
of the amplifier and a power undershoot results. For a single pump, the transient lasts 
approximately three propagation delays of the effective length of the amplifier. In the 
first propagation delay, the leading edge of the signal causes depletion in the pump. 
During the second propagation delay, the pump propagates towards the amplifier 
input. Finally, once the pump fluctuations have subsided, the signal must propagate 
to the amplifier output. 




Fig. 8.22. Measured time domain responses of Raman amplifier output and reflection tap: 
(i) reflected signal x 500; (ii) output; (iii) input signal x 10. Trace printed by permission of 
Electronics Letters [9]. Source: C-J Chen, W.S. Wong “Transient Effects in Saturated Raman 
Amplifiers”: IEEE Electronics Letters, Vol. 37, Issue 6 March 2001 (© 2001 IEEE) 
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8.5. Summary 

An analytical model for the transfer of relative intensity noise from the pump to the 
signal, in co- and counter-pumped Raman amplifiers has been derived. The resulting 
RIN on the signal channels can be worse than the RIN on the pump lasers. In a counter- 
pumped Raman amplifier, the different direction of propagation causes both crosstalk 
and RIN transfer noise to be low-pass filtered. In a copumped Raman amplifier, 
chromatic dispersion will average the noise transfer. Fibers such as NZ-DSF with their 
dispersion zero wavelengths between the pump and the signal will exhibit little or 
no noise averaging at frequencies below 100 MHz. Low-loss, high-dispersion fibers 
such as NDSF and RDF have —3 dB corner frequencies at about 6 MHz, making 
these fibers more attractive for copumping distributed Raman amplifiers. Dispersion- 
compensation fiber may also be appropriate for copumping, although fiber should be 
selected that has low loss at the pump wavelength to ensure that the gain occurs over 
a long length of fiber. For short lengths of fiber, such as might be used in a discrete 
Raman amplifier, dips may appear in the RIN transfer function where averaging 
over the length of the fiber results in the net transfer tending to zero. Measurements 
have also been performed on several types of fiber with different loss and dispersion 
characteristics. These show very good agreement with theory, correctly predicting 
the depth and frequency position of dips and — 3 dB corner frequencies. 

A model for the signal-to-signal crosstalk mediated by the pump has also been 
derived for co- and counter-pumped Raman amplifiers. Data modulation on the sig- 
nals will result in a small amount of modulation on the Raman pump. This is then 
transferred to other signals in the gain fiber giving rise to noise. Measurements have 
been performed on the pump-mediated signal-to-signal crosstalk. The model gives 
good agreement with measurements, especially at low frequencies. 

At low frequencies, distributed Raman amplifiers show a smaller degree of pump- 
mediated crosstalk in the counter-pumped configuration because the signal power is 
lower at the point of interaction with the pump at the end of the fiber span. The signal 
power is quite large at the beginning of the fiber span resulting in more crosstalk for 
a copumped distributed amplifier. 

At low frequencies, discrete Raman amplifiers show a greater degree of pump- 
mediated crosstalk in the counter-pumped configuration when the gain and signal 
input power are kept constant. Although the total amount of energy transferred to the 
pump is the same in both configurations, in a counter-pumped amplifier, energy is more 
quickly given to the pump as it enters the gain fiber because the signal power is greatest 
at the output of the amplifier. This results in a second signal experiencing crossgain 
modulation over a longer length of gain fiber. In most cases random data modulation 
gives a substantially uniform modulation spectrum at frequencies of interest. The 
higher corner frequency of copumped amplifiers results in a higher penalty, in spite 
of the better low-frequency performance compared with counter-pumped amplifiers. 

An analysis of system impairment due to RIN transfer shows that for a single span 
of NDSF, a 0. 1 dB q penalty, with respect to a noise-only Q of 6 units, is expected for 
a pump RIN of —108 dB/Hz for copumping and —50 dB/Hz for counter-pumping. 
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The system is quickly degraded as the RIN on the pump increases beyond these limits. 
NZ-DSF is expected to be 8 dB less tolerant to pump RIN transfer than NDSF. 

An analysis of system impairments due to crossgain modulation shows that there 
is unlikely to be any impact using counter-pumped amplifiers. Copumped distributed 
amplifiers using NZ-DSF (True Wave® RS) are likely to show penalties in a DWDM 
system with multiple fiber spans. Other NZ-DS fibers may show greater impacts if 
the dispersion zero lies between the pump and signal wavelengths. 



Appendix A8. 

A8.1. Pump-Induced Crossgain Modulation in Copumped Raman Amplifiers 

In the copumped Raman amplifier, dispersion will cause walk-off between the pump 
and all signal channels due to their propagation at slightly different velocities. The 
walk-off is a function of the dispersion of the fiber and will average the transfer of 
energy from both the signal to the pump and from the pump to another signal. 

Using the undepleted pump approximation [1,2] and considering a small amount 
of modulation (modulation depth m) at a frequency / applied to the signal, the 
propagation of the signal at time t and position z, can be described by 

/ (i -e-apz) 

P,(z,t) = P s q exp -a s z + C Rs P p0 

\ a P 

(A8.1) 

where a s and a p are the attenuation at the signal and pump wavelength, respectively 
(in nepers), V s is the velocity of the signal wavelength, C r s is the Raman gain effi- 
ciency of the signal wavelength (W -1 .km -1 ), P s o and P p o are the initial powers (in 
W) of the signal and pump, respectively, and (p is a phase coefficient. Changing the 
frame of reference to that of the pump, moving at velocity V p (z = V p t), the signal 
power at time t is: 

P s (t) = P s (t)[l+m sin (rift + (/))], (A8.2) 

where to simplify notation, two new variables are defined to describe the walk-off 
(rj), and the average optical power: 

ij = 2jr(l-^ (A8.3) 




Ps ) — PsO CXp I ot s Vpt Crs P pO 



(i-< 



(A8.4) 



The propagation of the pump can be described by the following differential equa- 
tion, where the first term represents the linear fiber loss and the second term the loss 
of energy from the pump at frequency v p to the signal at frequency v p . 



1 dP p 
V p dt 



— WpPp 



— CrJ\P p . 



v, 



(A8.5) 
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Fig. A8.1. Signal (launch power 5 mW at 1560 nm) as seen by the pump (250 mW at 1440 
nm), in a 30 km distributed Raman amplifier (gain 6.3 dB), fiber attenuation 0.21 dB/km. 
Signal is modulated at 100 MHz and the dispersion zero wavelength is 1560 nm, with 0.08 
ps.nm _2 km _ V — rt/2. Dotted line shows mean value. 



Integrating both sides, the instantaneous pump power at time t is given by 

ln =-<XpV p t - —C Rs V p f P s (t)[l+msin(r)ft +(f>)]dt. (A8.6) 

\ P pO / Rs JO 

The mean signal power and modulated signal in the reference frame of the pump 
wave can be seen in Fig. A8. 1 . It may be noted that in this case, the power profiles at 
the beginning and end of the fiber are very similar. The resultant modulation on the 
pump will be the time integral of this function. 

The transfer of this pump modulation to a second signal (subscript c) can now 
be considered, from which the crosstalk will be determined. From Eq. (A8.6), the 
instantaneous pump power at time t can be approximated because the pump depletion 
per signal channel is small: 



P pit) ^ P p0 ex P -UpVpt C Rl Vp 

R« JO 



f 



P s (t)dt 



x I 1 -mC R i V, 



f 



P s (r) sin (r)ft + (j))dt 



, f Psit) 
Jo 



'■ Ppoexp(-apVpt) ( 1 mC R iVp j P s (t) sin ( 77 / f + <p)dt ) . (A8.7) 

Rv 



The propagation of the second signal at time r, traveling at velocity V c and with 
Raman gain efficiency C Rc , can be described by 



1 dP c 

— — = -u s Pc + Cr c P p (t)P c (t). 
V c dr 



(A8.8) 
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Equation (A8.7) can be adjusted to a new frame of reference moving with the second 
signal ( z=rV c = tV p ): 



P p (r)^ P p0 exp(-a p V c r) ( 1 -mC Rs V c P s0 



/' 



P r ( r) sin(e/r + <p) dr 



(A8.9) 



where a new walk-off coefficient s, and a normalized average power variable P r ( r) 
are defined: 



s 




Yp 

Vp 



P,{ r) — exp 



«.V E c r + C Rs P p o 



(1 - e -<xpV c Ty 



(A8.10) 

(A8.ll) 



By combining Eqs. (A8.8) and (A8.9), and integrating, the new signal has instanta- 
neous power: 



Pr( r) = PcO exp ^ I + C Rc V c P p0 exp{-a p V c r)) dr^j 



x exp 



-/■[ 

f 

Jo 



Crc v c P P 0 exp(—a p V c r)- L mC Rs V c P s o 



X / PriPx) sin(e/ r x + </>) dr x 



dr ) . 



(A8.12) 



The first exponential term represents the average signal power at time r, whereas 
the second term represents the crosstalk noise from the first signal, mediated by the 
pump. The ratio of the instantaneous power to the mean power on the second signal 
can therefore be found and simplified by expanding the exponential for small levels 
of crosstalk: 



PAT) 

= = exp 

PAT) 






C Rc VcP p oexp(-a p V c r)—mC Rs VcP s o 



v s 



x / P r ( t x ) sin(e/r Y + <p)d r x 
Jo 



dr 






C R 2 V c P p o exp(—a p V c r)— m C Rs V c P s0 



r 

Jo 



X / P r (r x )sm(sfr x +4>)dr x 



dr. 



(A8.13) 
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To obtain the modulation transfer, the modulation index (m) can be substituted 
the ratio of mean square fluctuations to mean power of the first signal (Eq. (A8.14), 
for and ignoring d.c. terms: 



: = V2 



(sp; 0 ) 

PsO 



(A8.14) 



The modulation transfer function \H c (f)\ 2 , measured electrically, can be found by 
squaring and integrating across all phases 0 : 

2 



\H c (f)\ 2 = 



(SPcoV / (SPsoV 

P?(T) / 



’ V2 P p0 PsqCrsCrcVc 



1 



2jt 






P, (r x ) sin (sfr x + p) dr x 



dr 1 dtp 



(A8.15) 

This can be rearranged in terms of the added (off-on) Raman gain for both source 
signal ( G as ) and the signal receiving the crosstalk ( G ac ): 

| H c (/) | : 2 = (V2 ^ ln(G flJ ) ln(G flC >) 

\ \PeffJ Vs Pro ) 

X 2tt / (/ ex P {~ a pVcr) j P r (Jx) sin (sfr x + <p) dr x 



dr J dp 
(A8.16) 



Appendix A8.2. Pump-Induced Crossgain Modulation 
in counter-pumped Configuration 

A similar analysis follows for the case where the pump and signals propagate in 
opposite directions. Here dispersion is considered to be negligible compared to the 
averaging due to different transit directions. Using the undepleted pump approxi- 
mation, and considering a small amount of modulation (depth m), at a frequency / 
applied to the signal, the propagation of the signal at time t and distance z, traveling 
at velocity V g is: 

PAz, t) = P s o exp (~a s z + CRsPp \ - a P L (e a r z - 1) 

V a p 



1 + m sin ( 2nf ( t ) + 0 



(A8.17) 



Changing our frame of reference to that of the backward traveling pump 
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(z = L — Vgt), the signal power at time t is given by 



P s (t) = P s o exp (L - V g t) + C Rs P ' ,Q g-^pL ( e a p (L-v g t) _ ^ 
x 1+/77 sin ^ 2rcf ^2r — — ^ + <p^ . 



(A8.18) 



The instantaneous pump power P p (?) can therefore be found by integrating the dif- 
ferential Eq. (A8.5): 

In ( p ( ^ = — 0 L„Vgt -Cr^V s [ P s (/)[1 +777 sin(2jr/(2f — T) + cp)] dt, 

\ P p o ) v s Jo 

(A8.19) 

where the average optical power of the signal is: 

1W)= Psoexp (~a s V g (T - 1) + Cr ^ p ° ( g -“ p v * { - e~ a ” L ^ . (A8.20) 

The instantaneous modulation on the pump wavelength will cause a fluctuation in the 
gain experienced by a second signal, hence contributing towards crosstalk. In a similar 
method to the previous analysis for copumped Raman amplifiers, the instantaneous 
pump power can be referred back to a frame of reference traveling with a second 
signal, copropagating with the first signal yet counterpropagating with respect to the 
pump. At time r, this is: 



P p M— P P o exp( -a p V g (T 



-r)) 1- 



— CR S VgmP s o I P e (r) sin (27r/2r + </>') dr , 

+ J r 

(A8.21) 



where P e ( r) is the normalized average power: 

P e (T) = exp ^-a. s V g r + CRsPp0 e - a p L ( e a P v s T - 1)^ . (A8.22) 

The propagation of the second signal at time r, copropagating with the first signal 
will also be described by differential Eq. (A8.8), using the new instantaneous pump 
power above: 

P c ( r) = P c 0 exp (- a s V c + C Rc VgPpo exp (-a p Vg(T - r))) dx\ 



I -^-C Rs C Rc v£mP p0 P s0 exp(— V g (T - r)) 



P e i r x ) sin(27r/2r T + cp') dr x dr 



(A8.23) 



The first exponential term represents the average signal power at time r whereas 
the second term represents the crosstalk noise from the first signal, mediated by the 
pump. The ratio of the instantaneous power to the mean power on the second signal 
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can therefore be found and simplified by expanding the exponential for small levels 
of crosstalk: 



Pc(T) 

Pc(T) 



= exp 




— Cr s Crc VgM P p0 P s0 exp(-a p V g (T - r )) 



P e ( r x ) sin(27r / 2t x + <p') dr x dr 



1 - ^C Rs C Rc Vpn 
v t 



P pi) PsO f 
Jo 



exp(—otpVg(T — r)) 



J P e ( t x ) sin(27r f2r x + cp f ) dt x dr. 



(A 8. 24) 



As with the copumped analysis, we obtain the modulation transfer function 
\H c (f)\ 2 by substituting the modulation index (m) for the ratio of mean square fluc- 
tuations to the mean power of the first signal, ignoring the d.c. terms, squaring and 
integrating over all phases <j> : 

2 



9 (SP C o) 
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(SPsoV 
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= '/iCRs Cr c V 2 — PpO PsO 
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/ / exp(—a p Vg(T — r)) 

Jo Uo 

x J P e (r x ) sin(47r/r T + (j)') dr x dr 



d<f>'. (A8.25) 



This can be rearranged in terms of the added (off-on) Raman gain for both source 
signal (G as ) and the signal receiving the crosstalk (G ac ): 

\H c (f )\ 2 = (V2 ( ln(G aj ) ln(G ac A 

V \ L effJ V s P P o ) 

i r 27T r r T 

x— / / expC-ap^Cr- 7 )) 

Jo Uo 

x J P e (r x ) sin (Aizfr x + <p') dr x dr 



dtp'. (A8.26) 
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Chapter 9 

Forward, Bidirectional, and Higher-Order 
Raman Amplification 



Stojan Radic 



9.1. Raman Amplification in Unidirectional and Bidirectional 
Optical Transmission 

Distributed Raman amplification can be achieved by optical pumping at either end of 
the fiber. In the copumped Raman configuration, the pump is launched at the front end 
and copropagates with the optical signal along the transmission span. In the counter- 
pumped architecture that is widely deployed, the optical pump and signal launch at 
the opposite ends. Finally, Raman pumping at both ends of the transmission span char- 
acterizes the bidirectional scheme. The latter term is also used for optical links that 
support two-way signal traffic and often leads to confusion. To avoid this ambiguity, 
we designate optical transmission as unidirectional or bidirectional, independently 
of any amplification considerations. In unidirectional transmission lines, all signals 
travel in the same direction. Bidirectional network functionality is supported by a 
separate fiber that carries signal traffic propagating in the opposite direction. In con- 
trast, bidirectional transmission can be used to realize two-way traffic within a single 
fiber line: counterpropagating signal traffic is launched and received at the opposite 
ends of the optical link. A bidirectionally pumped fiber span can support both uni- and 
bidirectional signal transmission. A unidirectionally pumped span, however, almost 
exclusively supports unidirectional signal traffic. 

Historically, unidirectional optical links have been constructed using Raman coun- 
terpumping in order to avoid a set of impairments associated with copropagating 
pumps and signals [1-7]. The preamplifier nature of backward pumping is readily 
recognized: it increases optical signal power at the end of the span, prior to its re- 
ception or another amplification stage. The introduction of a copropagating Raman 
pump at the beginning of the span allows for considerably more freedom in managing 
signal power evolution and, consequently, the received optical signal-to-noise ratio 
(OSNR). Even more importantly, full or partial fiber transparency can be achieved 
by at least two separate sets of Raman pumps, alleviating the requirements for high 
pumping power at a single fiber end. The precise gain contributions from Raman 
co- and counterpumping depend on the signal spectral distribution and the physical 
characteristics of the fiber. 
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Ai < A < A2 A3 < A < A4 

> < 





Fig. 9.1. Banded bidirectional optical link. The blue (Ai < A < A2) band travels from East 
to West, whereas the red (A3 < A < A4) band travels in the opposite direction. A dark band 
(A2 < A < A3) isolates counterpropagating optical signals. Tx is the optical transmitter, Rx is 
the optical receiver, O A is the optical amplifier, and C is the routing element (bandsplitter). 



Bidirectional pumping, an option in unidirectional transmission, is required in 
a bidirectional line utilizing distributed amplification. Until recently, bidirectional 
optical transmission was achieved using lumped amplification exclusively [8-14]. 
This limitation imposed artificial constraints on the capacity and reach of bidirectional 
optical links. Bidirectional transmission can be realized in banded, interleaved, or 
hybrid form, with different distributed amplification implementations. In a banded 
bidirectional scheme, the available optical spectrum (Ai <A<A 4) is divided into 
three domains as shown in Fig. 9.1. The short (blue) band (Ai < A < A2) propagates 
in the West-East (WE) direction and is amplified at the amplifier nodes OAwe that 
can be realized in either lumped or distributed form. The long (red) band traffic 
(A3 < A < A4) propagates in the opposite direction and, under ideal circumstances, 
does not interact with any signal from the blue band. The allocation of the dark band 
(A2 < A < A3) ensures that optical routing elements (Q-, k = 1, n) can be physically 
realized in order to minimize any crosstalk between counterpropagating traffic [8]. 
It is important to note that the banded bidirectional scheme differs little from the 
unidirectional architecture: two separate bands, when isolated properly from each 
other, are expected to lead to system performance comparable to that associated with 
unidirectional transmission. 

The interleaved bidirectional scheme [14] combines spectrally alternating, coun- 
terpropagating optical signals, as illustrated in Fig. 9.2. Channel interleaving in prin- 
ciple eliminates the need for dark band allocation. All signals are allocated within the 
continuous band (Ai < A < A2) and require optical amplifiers with identical spectral 
response for each direction. It can be shown that the interleaved bidirectional channel 
plan possesses a qualitative advantage in the presence of substantial four-wave mix- 
ing (FWM) generation [5, 14], A predetermined FWM penalty dictates the optical 
power and frequency separation between two copropagating signals [15]. Spectral 
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A m , m = 2k- 1 , k= 1 , 2,... 



Fig. 9.2. Interleaved bidirectional signal allocation. The even channels (\ m , m = 2k,k~ 
1,2,...) travel in the west-east direction, whereas the odd channels (X m , m = 2k— \.k — 
1,2,.. .) are transmitted in the opposite direction. 

efficiency, defined as an aggregate information capacity carried within the unit of op- 
tical spectra, is directly proportional to the channel density. Interleaved bidirectional 
architecture in principle allows for doubling of spectral efficiency in FWM limited 
links: although separation between neighboring copropagating channels is preserved, 
total channel density can be doubled without additional FWM generation. Unfortu- 
nately, it can be shown [5, 14, 16] that this advantage comes at a price of increased 
crosstalk generation that cannot be suppressed by simple path-blocking geometries 
found in unidirectional and banded bidirectional links. 

Finally, a hybrid bidirectional scheme can be constructed by mixing the inter- 
leaved and banded schemes, as illustrated in Fig. 9.3. The selection of a particular 
architecture is typically a complex process that takes into account the quality of the 
fiber link, the startup and upgrade plans, and the overall system performance in both 



B+ R + 




Fig. 9.3. Hybrid bidirectional scheme. Eastward traveling signals are divided into blue ( B + ) 
and red ( R + ) bands, and interleaved with the eastward traveling signals (B— and R-). 
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partially and fully deployed capacity conditions. Given the requirement that two-way 
traffic has to be achieved from the start, the initial operation may begin in either the 
banded or interleaved mode. In a banded startup mode, two counterpropagating bands 
are first selected (B + /R— or R + /B-). The subsequent link upgrade is then per- 
formed by introducing the interleaved bands (addition of R + /B— or B + //?—). Sim- 
ilarly, an interleaved mode can be used in the startup regime (B + /B— or R + //?—), 
to be followed by a banded upgrade mode. 



9.2. Physics of Bidirectional Raman Pumping 

9.2.1. Multiple Reflection Model 

A rigorous description of bidirectional Raman pumping poses a considerably more 
difficult problem than that of unidirectional pumping. A complex bidirectional power 
exchange takes place among the participating signal, pump, and noise waves due to 
Raman, Rayleigh, and Brillouin interactions [17-25]. Consider the general case of 
a bidirectionally pumped optical fiber that supports two-way signal traffic, as illus- 
trated in Fig. 9.4. Optical signals S± are amplified by co- and counterpropagating 
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Fig. 9.4. (a) Simplified bidirectional Ra- 
man pumping model. Power exchange 
(dashed arrows) only occurs between the 
signals and pumps; (b) multiple-reflection 
model. Power exchange occurs among the 
pumps, signals, and reflected waves. 
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Raman pumps P± inserted at both fiber ends. In a simplified model (Fig. 9.4(a)), only 
pump-signal Raman interactions are retained to describe amplification in each direc- 
tion. A more realistic description of the process includes power transfer via multiple 
reflections among the signal and pump waves, as illustrated in Fig. 9.4(b). A portion 
of the signal power is backreflected due to either discrete or Rayleigh backscattering 
(RB). RB is a fundamental property of the transmission fiber and must be accounted 
for even in the case of negligible facet (end) reflections. The backscattered signal 
is amplified by the Raman pumps, and reflected yet again. The process of multiple 
intrafiber reflections and Raman amplification is repeated indefinitely, and applies not 
only to the signal, but also to all pump and generated noise waves. Further degrees 
of complexity are introduced by pump-pump, signal-noise, and pump-noise Raman 
interactions among multiply reflected optical waves. Finally, Brillouin scattering is 
yet another interaction channel that can influence the signal power exchange within 
the bidirectionally pumped fiber span. 

A collective of Raman pumps, signals, and inserted and generated noise defines 
the total optical field propagating in each direction along the transmission line. Spa- 
tially evolving power spectral density is associated with each direction, as illustrated 
in Fig. 9.5. The spectral component S±(z, (Oj) in this notation may represent a pump, 
a signal, or noise, depending on its frequency. To describe the power evolution along 
the fiber span, one has to account for Raman- and Rayleigh-mediated interactions 
among the existing and generated spectral components, in both propagation direc- 
tions. We start this analysis by considering a forward propagating spectral component 
S+(z, u>j) entering an infinitesimally small section of the fiber [z; z + Az], Depend- 
ing on its relative frequency position, the spectral component S+(z, &>,) can either 
receive or transfer optical power via the Raman interaction. Co- and counterpropa- 
gating components within the to > coj spectral domain will act as pumps, transferring 
elemental powers to S+(z, <Oj ): 

Ai5+(z, Wj) = g(cok, (»j)S + (z, coj)S + (z, (Ok), (9.1) 

A 2 S+(z, coj) = g{cc>k, coj)S + (z, (Dj)S-(z, a>k), (9.2) 

where g{u>k,(Oj) is the normalized Raman gain coefficient [17-20] (g(a>k, (Oj) = 
gRiu>k, (Oj)/ A e ff), u>k > (Oj, and Ai and A 2 correspond to pumping by a co- and 
counterpropagating wave, respectively. This power transfer takes place regardless of 
the component nature: 5+(z, (oj ) will be pumped by a signal, pump, or noise wave, as 
long as the condition a>k > (Oj is satisfied. At the same time, 5+(z, u>j) acts as a pump 
with respect to lower frequency waves, leading to the elemental power decrease 



A sS + (z, (Oj) = - g(a>i , (Oj)S+(z, (oj)S+{z, coi) (9.3) 

A 4 5' + (z, (oj) = -g((Oi, (Oj)S+(z, Wj)S-(z, (Oi), (9.4) 

where co,- < a>j . Rayleigh backscattering and fiber loss (a) will contribute to the mag- 
nitude of S+(z, coj) as follows. 

A 5 S+(z, (Oj) = y((Oj)S-(z, (oj) (9.5) 

AgS+tz, coj) = - a(coj)S + (z , (Oj). (9.6) 
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Fig. 9.5. Generalized bidirectional propagation analysis. Spectra of total forward and backward 
propagating optical fields S±(z, to) include pumps, signals, and inserted and generated noise. 



Spectral summation of the elemental contributions A i_6 describes the power ex- 
change taking place within the infinitesimal fiber section [z ; z + A.-]. A first-order 
differential relation can therefore define the spatial evolution of the spectral compo- 
nent S+(z, &>): 
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In a similar manner, the power of the counterpropagating wave S- (z, co) can be 
modeled as follows. 
dS-(z , a>) 



dz 



— +aS-(z, <w) + yS+(z, ft>) 

f g(a>, S2)[S+(z, £2) + S-(z, £2)]S_(z. ft)) dQ, 

J Q>CO 



-L 



Q<co 

ha> 



g(<o, £2)[5+(z, £2) + S-(z, £2)]S_(z, a>) d£2 



H / g(ft), £2)[S+(z, £2) + S_(z, £2)] J£2 

J &>CO 

f g(fi),Q)[S + (z,Si) + S-{z,Q)]dQ. 
J Q<co 



(9.8) 



Equations (9.7) and (9.8) represent a rigorous bidirectional model that can be 
used to accurately predict the behavior of complex optical links incorporating Ra- 
man amplification [24-26]. A more sophisticated model [24] would also account 
for temperature dependence of the transmission fiber. The numerical implementa- 
tion of this model requires multiple iterations in order to reach the self-consistent 
solution for counterpropagating optical fields. We illustrate the use of the model by 
calculating the performance of various pumping architectures over a 200 km nonzero 
dispersion-shifted (NZDSF) span. In the first example, illustrated in Fig. 9.6(a), a 
forward propagating signal is amplified by a forward propagating Raman pump. At 
the maximal pump level (~1 W), the transparency condition (on-off gain equal to 
the span loss) is achieved with low input signal power (—20 dBm). The increase in 
launched signal power results in considerable pump depletion and eventual loss of 
transparent link operation. Figure 9.6(b) illustrates the backward Raman pumping 
of a 200 km NZDSF optical link using the identical signal/pump power budget. The 
increase in launched signal power in this case results in a more gradual decrease of the 
total Raman gain. The signal is weakened considerably before being amplified by the 
counterpropagating Raman pump, resulting in less pump depletion than in the previ- 
ous example. A bidirectionally pumped unidirectional link is illustrated in Fig. 9.6(c), 
demonstrating link transparency at identical co- and counterpumping settings of 500 
mW. Finally, the performance of bidirectionally pumped bidirectional transmission 
is calculated and plotted in Fig. 9.6(d) for various launched signal powers. 



9.2.2. Single-Pass Analytic Models 

The rigorous model described in Section 9.2.1 can be used to accurately design 
and analyze complex transmission schemes with an arbitrary number of Raman 
pumps and complex, two-way signal patterns. Flowever, a qualitative understand- 
ing of pump-signal interaction might be gained without resorting to the extensive 
numerical computations required by this model. A simplified, single -pass bidirec- 
tional Raman model [19-21] is often used to estimate distributed gain and noise 
performance. This model assumes that the fiber can be reduced to sections in which 
either co- or counterpropagating Raman amplification dominates. Polarization effects 
are not considered in this model. 
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Fig. 9.6. (a) Forward pumped unidirectional optical transmission; (b) backward pumped unidi- 
rectional transmission; (c) bidirectionally pumped unidirectional transmission. The input signal 
power is —20 dBm; and (d) bidirectionally pumped bidirectional transmission with symmetric 
launch conditions. In each simulation the NZDSF is 200 km long, has a loss of 0.2 dB/km, 
an effective area of 50 /zm 2 and a Rayleigh scattering coefficient of 0.7 m -1 . The pump and 
signal frequencies are separated by 12 THz. A. Raman gain profile with peak (7 x 10 -8 m/W) 
at 13 THz away from the pump was used in all simulations. 
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Fig. 9.7. Simplified single-pass model. The fiber is sectioned into segments with a dominant 
forward and backward propagating Raman pump. Power evolution of forward traveling signal 
is plotted in presence of forward (dotted line), backward (dashed), and bidirectional Raman 
pumping (solid line). 



Consider a fiber span with signal and pump waves launched at each end, as il- 
lustrated in Fig. 9.7. In the absence of backward pumping (P_ = 0) and close to the 
end of a sufficiently long fiber, the power evolution of the forward signal resembles 
that of unamplified transmission (dotted line). The signal in this region is only influ- 
enced weakly by the forward propagating pump. Following this argument [19, 20], 
one can divide the fiber span into front (z. < Zd ) and rear (z > Zd) sections in order 
to calculate signal power evolution. Similarly, if forward pumping is replaced by 
backward pumping ( P+ — 0), the signal power is altered only weakly by the coun- 
terpropagating pump P_ within the z <Zd interval (long dashed line). The evolution 
of the bidirectionally pumped signal can therefore be calculated by considering the 
co- and counterpropagating cases separately within two distinct fiber segments (solid 
line). The partial solutions are required to satisfy a common boundary condition at 
Z — Zd- The propagation of the backward signal ( S - ) can be described in a similar 
fashion. 

Analytic expressions describing pump and signal propagation can be found if we 
assume that the launched signal power remains small in comparison to the launched 
power of the copropagating pumps [19, 20] (S+fO) P + ( 0), S-(L ) P-(L)). Fur- 

thermore, we assume that the signal power is insufficient to induce the significant de- 
pletion of the counterpropagating pump [20] (S+(z) z>Zd « P-(z) z>Zd , S-(z) z<Zd <$C 
P+(z .) z<Zd ). The pump-signal power exchange within the front (z < Zd) fiber section 
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can be described using a simple set of first-order differential equations [20]: 

dS+ 



dz 



= gP+S+-aS . | 



dS- 

—— = -gP + S-+aS- 
dz 

dP+ co n 

—— = -g-!-P + S + -oiS + . 
dz u>s 



(9.9) 

(9.10) 

(9.11) 



Equations (9.9) to (9. 1 1 ) were further simplified by assuming a constant Raman gain 
coefficient within the spectral region of interest (g(a>p , cos) — g = constant). A similar 
set of equations describes signals and pumps within the rear (z > Zd) fiber section [30] : 



dS+ 

— = gP-S+-aS+ 
dz 

dS- 

—— = gP-S- — a S- 
dz 

dP- COn 

— = g-?-S-P-+aP- 

dz cos 



(9.12) 

(9.13) 

(9.14) 



Equations (9.8) to (9.14) are solved analytically for the forward propagating signal, 
resulting in expressions: 



?7_l_(l — e az ) 

Mz) = M0) 1 + x+eM1 -^ e-”, z<z d (9.15) 

S+(z) = S+(zd) ^ e _ a(L _ Zd) +X ~ e * e- a(z ~ z “\ z>z d , (9.16) 

ei- e 1 " d) +x-e rt ~ 



where rj + = gP + (0)/a, r)-= gP-(L)/a, P+(0)/a, and x~ = 

a>p/a> s P-(L)/u. The total signal gain can be calculated simply by concatenating 
expressions (9.15) and (9.16). The accuracy of the approximation depends critically 
on the selection of the division point ( zd )■ The obvious choice is to select the inflection 
point at which the signal reaches its minimum along the fiber [19] (z d = Zmin)- How- 
ever, this choice necessarily neglects the power transfer from the backward pump to 
the forward propagating signal in the vicinity of i m ; n . It can be shown that symmet- 
ric fiber segmentation [20] (z d = L /2) results in a more accurate approximation of 
the signal evolution function. This midspan division is substituted in Eqs. (9.15) and 
(9.16) to calculate the signal power at the end of the fiber span: 



S+(L) = S+( 0 ) 



„!)+(! -e~ aL / 2 ) 



«?"-(! + /-) L 



l + /+e , '+ (1 “ < ’ aL/2 + /_£■''- 



(9.17) 



Equation (9.17) allows us to express the signal gain in a bidirectionally pumped 
transmission span in the relatively simple form: 



S+(L) _ e i+(i-e aL/2 ) e n -( l + x _) 

^(Oie - " 1 1 + x +e '?+( 1 -e _ “ Z 7 2 ) e ri-e~ aL l 2 + x _ e 1- ' 



(9.18) 
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In most cases of practical interest, the signal is attenuated substantially after traveling 
through half of the transmission span, which allows the last relation to be approxi- 
mated by 

e v++>i- 1 + x _ 

G — j~n~~ ■ (9-19) 

1 + x+ei+ e^- e ' + x-e 1 ?- 

The absence of a backward signal allows further simplification of the last relation. 
The gain associated with bidirectionally pumped, unidirectional signal transmission 
(/_ = gP-(L)/a — 0) is written as 



i; + +i7_(l-e aL/2 ) 

G = - e - aL ' 2 = 1 

1 + x+ e1>+ > 



e >i++v- 
1 + x+e^+ ' 



(9.20) 



On a logarithmic scale, the signal gain is directly proportional to the powers of co- and 
counterpropagating pumps. The gain compression term (x+e' l+ ) scales linearly with 
the ratio of the input signal and forward pump powers. Physically, gain compression 
is caused by forward pump depletion. In most cases of practical interest the pump 
depletion is negligible (x+ e ' 1+ 1), leading to a particularly instructive relation for 

the logarithmic signal gain: 



GdB = 4.3(77+ + 77_ - x+e' 1+ )- 



(9.21) 



Consider a practical transmission example that uses the NZDSF fiber charac- 
terized by A e ff — 55 /x m 2 , g ~0.4 x 10 -13 m/W, a = 0.23 dB/km and launched 
signal power of 5+(0) = 0.1 mW. Because 0 ) s /c 0 p ~ 1, the gain compression factor 
(4.3x+e ,;+ ) is approximately 0.43e / + (o,/,75 / P+ (0), where the launched forward pump 
power P + (0) is expressed in milliwatts. Increase in pump power from 100 to 500 mW 
elevates the gain compression factor from 0.017 to 0.73, which is considered to be 
small in comparison to the total signal gain in both cases. 

Equations (9.15) and (9.16) can be used to estimate the feasible span reach of a 
bidirectionally pumped optical line [20]. Neglecting the nonlinear signal distortion 
and any additional crosstalk mechanisms, the span reach is uniquely determined by 
the minimum acceptable OSNR at the end of the link. The signal is expected to 
maintain high power and OSNR within the short distance from the launch point. 
The copropagating Raman pump, playing the role of a distributed signal booster, is 
typically used to extend this distance farther from the insertion point. In contrast, 
the backward propagating Raman pump is used to create a distributed preamplifier 
section on the opposite end of the fiber span. Given the fixed counterpropagating 
pump power, the OSNR at the end of the span is largely determined by the signal 
power entering the distributed preamplifier section. A significant loss of signal power 
before the signal encounters the backward pump will result in a decrease of the overall 
OSNR. Therefore, a minimal signal power has to be maintained along the entire length 
of the bidirectionally pumped fiber span. By differentiating Eq. (9.16), the minimal 
power of the forward propagating signal (S+ lin ) can be found: 

S™ 11 = S+(0) r] ~ e ’ 1+ e l ~ aL 

+ + 1 + x+e*+ 



(9.22) 
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where the assumptions of a long span (exp(— aL/2) 1) and the absence of coun- 

terpropagating traffic (/_ = 0) have been made. Given the acceptable minimal signal 
power, the maximal span reach can be found: 

1 / S min \ 1 1 

Lmax = ~~ In ~^z:(.e~ ri+ + /+) +- In )/_ + -. (9.23) 

a \5+(U) / a a 

To illustrate the practical use of this relation, assume that 300 mW Raman pumps 
are used at each end of NZDSF fiber (A e ff — 55 /xm 2 , g ~ 0.4 x 10 -13 m/W, and 
a = 0.23 dB/km). By requiring that the minimal signal power remain within 10 dB 
of the launched power along the entire span, one finds the feasible span reach to be 
approximately 190 km. 

9.2.3. Noise in Bidirectionally Pumped Fiber Span and Concatenated Links 

Smith’s analysis [17] of spontaneous noise generation can be adapted to the bidirec- 
tionally pumped fiber span. Consider an infinitesimally short section dz located at a 
distance z from the beginning of the span. The level of amplified spontaneous emis- 
sion (ASE) generated along this elemental fiber section depends on the local powers 
of the forward and backward Raman pumps: 

dN AS E(z) = gP+(z) + gP-iz). (9.24) 

Generated noise travels in both directions, and is amplified by the forward and back- 
ward Raman pumps before it reaches the fiber ends. Furthermore, ASE is reflected 
many times either via distributed (Rayleigh) or discrete scattering mechanisms, mak- 
ing the complete noise evolution difficult to analyze. If one assumes that multiple 
ASE reflections can be neglected, the total ASE at the end and beginning of the span 
can be calculated by summing the elemental contributions d N ase (z) along the entire 
fiber length. We consider the forward propagating noise first; an equivalent backward 
analysis can be carried out in a similar fashion. Before reaching the fiber end, the 
elemental noise contribution dN A SE(z ) is both attenuated by the fiber loss (a) and 
amplified by the forward and the backward Raman pumps: 

dN A sE(L) = dN AS E(z)e- 0lAL - z) e 8 fz {P+(,l)+p - md ' 1 . (9.25) 

An achromatic Raman coefficient (g) is assumed for simplicity. The total noise at the 
end of the fiber is then calculated as a summation along the span: 

N ase (L)= [ dN A sE(z)e- a ^ L - z) e g ^( p ^+ p -^ d Vdz. (9.26) 

Jo 

Assuming that the signals do not deplete Raman pumps, their power evolution is 
governed solely by the fiber attenuation: 

P+(z) = P+( 0)e~ a r z 

—ot p {L—z) 



P-(Z) = P~{L)e 



(9.27) 

(9.28) 
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By substituting expressions (9.24), (9.25), (9.27) and (9.28) into Eq. (9.26), one can 
calculate the spectral noise density at the end of a bidirectionally pumped fiber span: 

N ase (L) = — [ [P + (0)c“"f’ : + P_(I)«'"' ,(i ' j) ]e““ s(1 “ z) 

Jo 

x ex P [gP + (0)(e- a P L - e~ a P z ) + gP-(OKi ~ e~ a ^ L ~ z) )]dz. (9.29) 

A similar expression can be derived for the backward propagating noise at the 
beginning of the fiber span Nase (0) . Any noise injected in a fiber in either propagation 
direction will be amplified and added to the internally generated ASE. Equation (9.29) 
becomes particularly simple if one assumes symmetric pumping conditions (P+( 0) = 
P-(L) = P ) and comparable fiber attenuation at the pump and signal frequencies 
(a p ~a. s ~ar): 

N ASE (L)=zL e - aL [ [l+e- a(L - 2z) ]exp{gP[e- aL (l-e az ) + (l-e- az )]}dz. 
a Jo 

(9.30) 

Equation (9.29) can be simplified by separating the fiber span into the forward and 
backward pumped sections. The forward pumping contribution to the total noise at 
the end of the span can be reduced to [21] 

N^ SE (L) = e 8/clP + (0) e- aL , (9.31) 

where the assumptions of a long fiber span ( olL ^>1) and high gain were made ( G 
1). The first factor on the right side of Eq. (9.31) is recognized as the forward on-off 
Raman gain (G+), allowing us to write: 

N+ SE (L) = G+e~ aL . (9.32) 

Using similar assumptions, the backward pumping contribution to the forward prop- 
agating noise is calculated as 

gP-(L) 

A“ S£ a) = e“^e“ ln, -^ ) , (9.33) 

where gP~(L ) /Act is recognized as the backward Raman gain (G_). The last equation 
can be rewritten in a particularly simple form [21]: 

N ASE ( L ) = G-e~ in{inG - ) = G-/ ln(G-). (9.34) 

Figure 9.8 illustrates a lumped amplification model constructed by using Eqs. 
(9.32) and (9.34): forward and backward pumped sections are represented by lumped 
amplifiers with gains of G + and G_, respectively. The midamplifier loss T accounts 
for the fiber transmission loss ( e ~ aL ) incorporated in Eq. (9.33). This simple model is 
used to estimate noise accumulation in a bidirectionally pumped fiber span supporting 
unidirectional traffic. It can be easily modified to account for ASE estimation in the 
opposite transmission direction. Assuming that the noise with power spectral density 
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Fig. 9.8. The lumped amplification model. P± is the power 
of the forward/backward propagating Raman pump. T is 
the span loss, and G± is the on-off Raman gain produced 
by forward/backward pumps. 




Pin is injected at the beginning of the fiber ( z = 0), the spectral power density of the 
total noise at the end of the span is: 

Ptot(L) — pinG + T G — + 2hvG + T G _ + 2hvG—/ In G_, (9.35) 

where the factor 2 was added to account for both polarization states. When bidirec- 
tional Raman pumping is used to achieve the span transparency ( G + TG _ = 1), Eq. 
(9.35) can be written as 



Ptot(L) — pin + 2 hv + 2hvG-/\n G_. (9.36) 



The total noise accumulated at the end of N transparently pumped fiber spans is then 
calculated as 

Ptot = p lN + 2hvN{\ + G_/ In G_), (9.37) 

where pi n represents the noise level launched at the beginning of the first transmission 
span. Finally, the OSNR of the transparently pumped link constructed of N fiber spans 
is calculated as 



OSNR n = 



Sin 

Ptot 



Sln 

Pin + 2hvN(l + G_/ln G_) 



O S N Ri n 

1 + 2hvN(l + G_/ln G _)/ pin ' 



(9.38) 



where Sin represents the launched signal power and O SN Rin — Sin / Pin is the 
OSNR at the beginning of the optical link. 



9.3. Impairments Specific to Forward and Bidirectionally 
Pumped Optical Links 

9.3.1. Forward Pumped Unidirectional Transmission 

The use of copropagating Raman pumps introduces impairment mechanisms typi- 
cally neglected in backward pumped optical links [1-7]. The Raman response al- 
lows for near instantaneous signal-pump interactions that invariably lead to trans- 
mission penalties, even in the presence of a single optical channel. Impairments due 
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Fig. 9.9. Signal-pump-signal crosstalk: (a) an amplitude modulated signal depletes the co- 
propagating Raman pump; (b) pump-signal walk-off leads to spatially varying Raman gain 
and ISI generation. 



to multiple-path interference (MPI) and finite pump relative intensity noise (RIN) are 
discussed in detail in Chapters 9 and 16 and are not revisited here. Figure 9.9 illustrates 
processes leading to pump-mediated intersymbol interference (ISI) and interchannel 
crosstalk. Physically, both processes are classified as crossgain modulations: a signal 
induces pump power depletion that leads to pattern-dependent Raman gain. Consider 
the case of a single amplitude modulated optical signal copropagating with a Raman 
pump, as shown in Fig. 9.9(a). The finite dispersion slope of the optical fiber results 
in different group velocities which leads to pump-signal walk-off. Consequently, the 
signal wave sees an advancing (or delaying) amplitude-modulated optical pump. The 
pattern-dependent variation in the pump power is transferred to a delayed portion 
of the optical signal, thus effectively completing an efficient ISI generation process, 
as illustrated in Fig. 9.9(b). Interchannel crosstalk requires the presence of at least 
two optical signals interacting via the Raman process. Similar to the ISI generation 
mechanism, the pump depletion induced by a signal at one wavelength will be used 
to modulate the signal at a different wavelength. 

Signal-pump-signal crosstalk can be greatly reduced, or at least mitigated by a 
number of techniques. In the ideal case, the Raman pump is not depleted, thus re- 
moving the mediating channel for crosstalk generation. Following this reasoning, it is 
realistic to expect that a lower degree of pump depletion corresponds to a lower level 
of induced crosstalk penalty. The increase in channel count, while maintaining total 
signal power, can also be used to decrease the pump deletion pattern dependence. 
A large number of statistically independent amplitude-modulated channels results in 
the averaging of the pump power depletion effects, decreasing the depleting influence 
of a single optical channel. Finally, the pump-mediated crosstalk generation depends 
critically on the relative speed of the pump and signal. In the case of counterpropa- 
gating pump and signal, the high relative velocity allows for efficient averaging of 
the pump power fluctuations and significantly lower crosstalk generation. It has been 
shown [7] that even a moderate increase in the pump-signal walk-off rate can signif- 
icantly improve ISI and cross-channel crosstalk. Higher data rates lead to the more 
rapid dispersive spreading of optical pulses and further temporal signal averaging. 
By quadrupling the data rate from 10 Gb/s to 40 Gb/s, one can maintain a negligible 
(0.2 dB) eye penalty by reducing [7] the bit walk-off considerably. 

The experimental setup shown in Fig. 9.10(a) is used to illustrate the effects of 
pump depletion in a high-count dense WDM channel amplification. A total of 40 
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Fig. 9.10. Penalty associated with forward pumped optical transmission: (a) the measurement 
setup — OS A, optical spectrum analyzer; OA, optical amplifier; F, bandpass filter; RX, receiver; 
RP, Raman pump; and VOA, variable optical analyzer; (b) measured signal, backscatter gain, 
and the corresponding pump depletion. 



channels is transmitted over 80 km of NZDSF fiber and combined with a forward 
Raman pump. The channels are modulated using a 10 Gb/s 2 31 — 1 pseudorandom bit 
sequence (PRBS), decorrelated and polarization interleaved to decrease FWM gener- 
ation in the NZDSF span. Figure 9. 10(b) illustrates how the pump depletion increases 
with the growing input signal power. The output power of the polarization scrambled 
Raman pump at 1480 nm was maintained and the total input signal power was in- 
creased from — 12 to 4 dBm. Raman gain compression of 2 dB corresponds to a pump 
depletion of 2.4 dB, leading to a reasonable expectation of a relatively high transmis- 
sion penalty. Figure 9.11 illustrates the measured penalty for various total input signal 
powers. The total penalty measured at —2 dBm of signal power (corresponding to 
~2.4 dB of pump depletion) is only 0.25 dB. A relatively low penalty corresponding 
to nearly 40% pump depletion is achieved by the combination of high channel count, 
signal pattern decorrelation, and polarization interleaving among the signal waves. 
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Input Signal Power (dBm) 

Fig. 9.11. Measured transmission penalty (A Q) and corresponding gain depletion. The mea- 
surement setup is identical to that described in Fig. 9. 10. 



Efficient Brillouin scattering from the signal is rarely observed in counterpumped 
transmission schemes. The signal power reaches its minimum within the backward 
pumped region, and generally remains far from the Brillouin threshold in all cases of 
practical interest. In copumped schemes, however, the signal maintains high power 
close to the front section of the fiber. The launched signal power has to be carefully 
controlled in order to prevent the onset of Brillouin scattering. Figure 9.12 illustrates 
the total backscatter received for different signal and pump launch powers. The ele- 
vated signal power results in increased Brillouin backscatter. The forward propagating 
Raman pump will, in turn, amplify the backward scattered wave. Brillouin genera- 
tion in NZDSF is observed [5] for signal powers exceeding 0 dBm and copropagating 




Fig. 9.12. (a) Backscatter measurement setup: a variable Raman pump is colaunched with a 
signal into 80 km of NZDSF. 




270 



S. Radic 





Wavelength (nm) 

(c) 

Fig. 9.12. continued (b) Backscattered spectrum: the launched signal power is 0 dBm, and the 
launched pump powers are 0 (thin curve) and 200 mW (heavy curve); and (c) backscattered 
spectrum: the launched signal power 3.2 dBm, and the launched pump power is 0 (thin curve) 
and 200 mW (heavy curve). 



pump powers of 100 mW. The Brillouin peak is shifted by ~11 GHz with the respect 
to the channel center, and defines the ultimate limit for crosstalk suppression in very 
dense interleaved channel plans. The combination of signal and pump powers of 3.2 
dBm and 240 mW, respectively, results in a downshifted Brillouin peak comparable 
in power to the total (amplified) Rayleigh backscatter level. Raman-aided Brillouin 
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Fig. 9.13. Effects of unequalized channel powers in forward pumped transmission. The spec- 
trum represents a portion of 40-channel traffic launched with a total power of 17 dBm into 140 
km of NZDSF. The copropagating Raman pump at 1480 nm has a launch power of 240 mW. 



scattering introduces strict requirements on the channel power equalization in WDM 
transmission. Figure 9.13 illustrates the effect of 2 dB signal variation for various 
launched powers. However, Brillouin reflection can be suppressed efficiently even in 
a forward pumped transmission environment, as illustrated in Fig. 9.14. 

9.3.2. Bidirectionally Pumped Interleaved Bidirectional Transmission 

The presence of the forward Raman pump is expected to amplify the Rayleigh 
backscatter. If we neglect the effect of multiple reflections, the elevated RB level 
has a potential to significantly impair the transmission in optical links supporting 
bidirectional signal traffic. The introduction of forward Raman gain (G+) raises the 
RB level considerably, thus enhancing the total crosstalk. Because RB is formed by 
the optical wave that traverses the Raman pumped region of the fiber at least twice, 
the upper limit for RB gain can be approximated by G+. The measured [5] RB in- 
crease is significantly lower than G 2 + , and is more closely approximated by G+. This 
observation can be understood in terms of the distributed nature of RB and Raman 
gain: the total on-off gain seen by an elemental contribution to the overall RB level 
competes with transmission loss during its round-trip. Signal scattering occurring 
closer to the fiber end experiences both higher Raman gain per unit length and lower 
overall transmission loss. 
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Fig. 9.14. Slow phase dither ("-TOO kHz) can be used to suppress Brillouin backscatter in 
forward pumped links. The measured spectrum represents the total backscatter from a long 
NZDSF span for the case of a 3 dBm launched signal amplified by a 200 mW Raman pump. 



The transmission setup shown in Fig. 9.15(a) is used to test the limits of hybrid 
(Raman/EDFA) bidirectional amplification [5], Two sets of 20 NRZ channels mod- 
ulated at 10 Gb/s using a 2 31 — 1 PRBS word length, are separated by 100 GHz. 
The channels are orthogonally polarized and combine 50 GHz spaced unidirectional 
traffic in order to minimize FWM generation in the L-EDFA [6] and NZDSF. The Ra- 
man pumps are polarization multiplexed in order to guarantee polarization-invariant 
amplification of the interleaved channel plan. Figure 9.15(b) illustrates a negligible 
FWM level resulting from 80 km transmission at 1.2 dBm launched signal power. 
West-East (WE) traveling optical signals are decorrelated using a —3 17 ps/nm disper- 
sion compensating module and boosted to 20.5 dBm of total power with a minimum 
OSNR of 39.7 dB. A variable optical attenuator V OAwtx is used to adjust the signal 
level amplified by the copropagating Raman pump RPwe+- East- West (EW) traf- 
fic is assembled using 40 copolarized signals and is used in an interfering role only. 
Modulated data are transmitted over the variable loss span comprising NZDSF (T 1-4) 
and VOAw/e- The minimum NZDSF coil length is 40 km, in order to guarantee a 
realistic level of RB and distributed Raman gain. A bidirectional lumped amplifier 
(BLA) input/output is coupled with a 25 GHz interleaving filter (ILF) providing both 
routing and suppression functionality with insertion loss varying between 1.8 dB and 
2.4 dB. Each filter provides a minimum adjacent channel isolation of 19 dB, with a 3 
dB passband of 18 GHz. EDFA-buried ILFs have been demonstrated previously and 
shown to provide ample crosstalk suppression [2]. Unfortunately, increased span loss 
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Fig. 9.15. (a) Hybrid transmission experimental setup; (b) intrinsic FWM level associated with 
the orthogonally polarized channel plan. 



requires frontal ILF position, illustrated by Fig. 9.16. The total gain experienced by 
the WE signal before reaching BLA input is: 

p we = l il x Gwe+ x Lp x Gwe- x L/l x Pwe’ (9.39) 

where Pj^ is the signal level at the input of the BLA, Gwe+ is the codirectional 
Raman gain, Gwe- is the counterdirectional Raman gain, Lp is the span loss, and 
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Fig. 9.16. Maximal length ( L p) supported in hybrid optical transmission defined by the ratio 
of signal (P^p) and crosstalk (Pp W ) powers at the repeater site. 

Ljp ILF insertion loss. The Rayleigh backscatter generated by EW signal at the input 
of BLA is: 

P EW = Ljl x Rxk x Gwe- X L il x P ^ 1 , (9.40) 

where R is the RB reflection level (typically —31 dB), Gwe- is the total gain ex- 
perienced by RB from the WE Raman pump. A conservative estimate of distributed 
RB gain (k = 1) combined with balanced gain assumption ( P\\- p — Pew 1 )> defines 
the out-of-band crosstalk to be G~^ E+ x L~^ x R with respect to the WE signal. A 
moderate level of codirectional Raman gain of 5 dB and typical RB level of —31 dB 
will equalize signal and crosstalk power levels for a span loss of 36 dB. This will 
necessarily lead to the compression of EDFA front end inversion, that is, an increase 
in its noise figure. Frontal ILF placement prevents both NF degradation and provides 
protection against crosstalk and the onset of self-oscillation. The EDFA performance 
used in the experiment is characterized by NF of 5.5 dB at total input power of —8 
dBm. Interstitial BLA access provides for a placement of a dispersion-compensating 
module that can be varied as required by the increase in fiber span from 80 to 140 
km. The output of the EDFA is controlled to produce a maximum of + 14 dBm total 
power into the NZDSF span. Each Raman pumping node was assembled using two 
orthogonally multiplexed 1480 nm semiconductor pumps, with composite output of 
200 mW. Average gain provided by each Raman node was 6 dB, with pump depletion 
not exceeding 2.4 dB. Figure 9.17(a) illustrates error-free transmission over 140 km 
of NZDSF with a combined hybrid gain of 34 dB. Each Raman section provides 
for 6.4 dB of distributed gain, whereas the EDFA node provides 22 dB of external 
lumped gain. The performance increase achieved by using hybrid, rather than EDFA, 
amplification is illustrated in Fig. 9.17(b): total span loss consisting of two 40 km 
NZDSF coils and midspan VOA was increased past 33 dB to measure [7] decrease in 
total Q of the link. Finally, EW signals are turned off in order to estimate the penalty 
induced by the counterpropagating traffic to be 1.2 dB at span loss of 34 dB. 

The transmission setup, shown in Fig. 9.18, is constructed in order to test the 
reach of a symmetrically pumped bidirectional transmission line [28]. Two sets of 
40 counterpropagating signals, arranged as in the previous setup, are transmitted over 
multiple NZDSF spans. The transmission loop consists of two NZDSF coils surround- 
ing a hybrid bidirectional amplification node. The switching loss of the loop (9 dB) 
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Fig. 9.17. Hybrid amplification performance: (a) error-free transmission over two 140 km 
NZDSF spans. VOA element (3.5 dB) is placed in the middle of each span, and is surrounded 
by 60 and 80 km of NZDSF fiber; (b) performance impact of distributed amplification and 
presence of counterpropagating traffic. AQ = 0 corresponds to Q = 19.4 dB. 
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and an additional variable optical attenuator (VO A) are placed in the middle of the 
fiber span to guarantee a target span loss. This loop construction is considered more 
rigorous than one using an additional amplifier [14] to cancel the switching loss, 
because nonlinear signal interaction is negligible within the midspan fiber region. 
The coil lengths (L\i) are chosen to be 40 km in order to guarantee: (1) a realistic 
length, as required for RB buildup (> 12 km), (2) sufficient length for distributed gain 
accumulation (> 30 km), and (3) a combined span loss of 31 dB. In the case when 
the routing element (V) is a circulator, uninhibited counterpropagation of backward 
(EW) noise is prevented. This has a potential to change the entire nature of the link 
in the case of ASE-limited transmission. However, the link under investigation is far 
from this regime, with performance nearly independent on cascaded (backward) ASE 
buildup. An amplification node incorporates dispersion compensation (DCwe.ew) 
that, combined with receiver compensator (DC R ec ), provides for a 90% compensated 
link. The presence of distributed Raman amplification requires the peripheral, rather 
than midstage, placement of interleaving filters used in simultaneous routing and 
protection roles. A relatively high peak dispersion of 200 ps/nm was measured within 
the filter transmission band. L-band EDFA was designed and measured to produce 
maximum of 21 dBm output and an average noise figure of 4.6 dB. Its gain tilt was 
carefully matched to composite Raman gain shape. EDFA/Raman gain distribution 
was adjusted in order to provide a total of 32 dB amplification: the EDFA generated 20 
dB, whereas 6 dB was obtained from each Raman direction. The output of the EDFA 
was adjusted in order to generate less than 2 dB of pump depletion in order to minimize 
signal-pump-signal crosstalk generation and elevated levels of Brillouin backscatter. 

Figure 9. 19(a) indicates error-free transmission performance after five spans. The 
minimum received OSNR is 24 dB, as shown in Fig 9. 19(b). Figure 9. 19(c) illustrates 
signal degradation with span evolution, indicating a difference of 3.5 dB between the 
first and the fifth span. The system penalty is attributed to noise buildup and multiple 
interleaving filter passes. Indeed, by the time that the signal reaches the end of the fifth 
span, it has already completed 10 filter passes. Figure 9.20(a) illustrates the spectral 
narrowing induced by filter concatenation after the first, third, and fifth transmission 
spans. It is apparent that, even in the absence of any noise generation, the useful 
transmission bandwidth after the sixth span would fall short of the requirements 
for 10 Gb/s NRZ transmission. In addition, finite filter dispersion further limits the 
robustness of the link: Fig. 9.20(b) illustrates the detuning margin of a signal received 
near the sensitivity level. The penalty associated with the presence of the opposite 
traffic direction was measured to be 0.23 dB at the end of the fifth span. 

9.3.3. Bidirectionally Pumped Banded Bidirectional Transmission 

The advantages of single-band, bidirectional Raman amplification of interleaved sig- 
nal traffic need to be contrasted with the fundamental limitations associated with this 
scheme. The interleaved channel plan used in single-band transmission offers greatly 
reduced FWM while maintaining high spectral efficiency of the optical link. However, 
the Raman pumping is required to be strictly symmetrical (identical levels of forward 
and backward pumping) and does not allow for spectrally separated preamplifier and 
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Fig. 9.19. (a) Error-free reception of 40 west-east channels after the fifth span; (b) received 
spectrum; and (c) Q degradation (A = 1588 nm). 
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Fig. 9.20. (a) Passband narrowing induced by filter concatenation; (b) channel center frequency 
detuning tolerance as a function of distance. 
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booster functions. The forward propagating Raman pump is used to simultaneously 
boost the forward traveling signal and preamplify the backward traveling channels. 
The power of the former is considerably higher than that of the counterpropagating 
signal at the front fiber end. Consequently the forward Raman pump is depleted 
by the copropagating signal traffic, thus limiting the transfer of optical power from 
the forward pump to the backward signals. The same problem is encountered at the 
opposite end of the fiber section: the backward Raman pump is quickly depleted by 
a strong copropagating signal thus compressing the available gain for the forward 
channels. In other words, the symmetric pumping scheme inherently requires that 
each Raman pump play simultaneous booster and preamplification roles. Physically, 
it can be shown that these requirements are mutually exclusive. High-performance 
preamplifiers are characterized by a low noise figure and high average inversion levels 
that require negligible pump depletion. In contrast, relatively low inversion levels that 
allow considerable pump depletion mark the optimal booster performance. 

Banded bidirectional signal traffic [26] allows for the separation of the forward 
and backward Raman pumping roles. Assume that two distinct spectral windows are 
allocated for the east-west (EW) and west-east (WE) transmission, as illustrated in 
Fig. 9.21. The Raman pump wavelengths can be chosen to provide peak gain for EW 
and WE signal bands separately. Furthermore, both Raman pumps are launched in 
the direction opposite to that of the signal band they are amplifying. This arrange- 
ment ensures that the pumps provide the preamplifier function for the chosen signal 
bands. The copropagating signal traffic is not expected to deplete either Raman pump 
significantly because the spectral offset lowers the available copropagating Raman 
gain significantly. Figures 9.22 and 9.23 compare the pump depletion levels in bidi- 
rectional schemes in which Raman pumps are used in (1) simultaneous preamplifier 




Fig. 9.21. Banded bidirectionally pumped, bidirectional optical transmission. The forward 
propagating pump (P+) provides preamplification for the backward traveling signals (S'-); the 
backward traveling pump (P-) preamplifies the forward traveling traffic (S+). 
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Transmission Distance (km) 

Fig. 9.22. Bidirectionally pumped bidirectional transmission using a single signal band [26], 
The power evolution is calculated for 200 km of NZDSF fiber with an effective area of 72 
/im , launched signal power of —3 dBm, and 170 mW and 70 mW Raman pumps positioned 
at 1430 nm and 1460 nm, respectively. 

and booster roles, and (2) exclusively in a preamplifier role. The considerable pump 
depletion that is present in the shared band architecture (Fig. 9.22) is almost absent in 
the banded transmission scheme (Fig. 9.23). Figure 9.24 illustrates the transmission 
performance over 200 km of NZDSF fiber. Two sets of 32 channels are modulated 
at 43 Gb/s and transmitted in each direction. Bidirectional traffic is allocated to the 
C- and L-bands (1537.4 to 1562.2 nm and 1576.2 to 1602.3 nm) and amplified by 
dedicated Raman pumps: 1430 and 1460 nm pumps are used to amplify the C-band, 
whereas 1470 and 1495 nm pumps amplify the L-band. 
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Fig. 9.23. Bidirectionally pumped bidirectional transmission using separate spectral bands [26] . 
The transmission parameters are the same as in Fig. 9.22. 



An increased penalty due to nondegenerate FWM [26, 28] (ND-FWM) was ob- 
served at specific channel locations. Elevated ND-FWM is expected for the case in 
which the zero dispersion wavelength of the transmission fiber is positioned between 
the Raman pump and signal wavelengths. Figure 9.25 illustrates this effect in the 
L-band after transmission over 200 km transmission [26]. An effective mitigation 
technique for ND-FWM, which is similar to those for other FWM impairments, is 
based on preventing phase matching along the fiber span. The insertion of dissimilar 
fiber types was shown to reduce ND-FWM to a negligible level. 
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Fig. 9.24. Measured performance of banded bidirectionally pumped optical transmission over 
200 km of NZDSF fiber [26]. 



E 

m 

~o 



-30 



-40 



-50 



o 

-60 b 



-70 - 



-80 







1570 1580 1590 1600 1610 

Wavelength (nm) 



Fig. 9.25. Elevated ND-FWM generation in the L-band [26]. 
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9.4. Higher-Order Raman Pumping 

9.4.1. Second-Order Raman Pumping 

The distributed amplification analyzed so far is characterized by a Raman pump posi- 
tioned one Stokes shift away from the signal. This pumping scheme is commonly re- 
ferred to as first-order amplification, regardless of the relative directions of the pumps 
and the signals. An alternative scheme that combines first- and second-order amplifi- 
cation was proposed recently for Raman-pumped transmission spans [29-31]. In the 
first demonstration of this concept [29], the backward propagating (first-order) pump 
at 1455 nm was used to amplify a forward traveling signal at 1550 nm and combined 
with a forward (second-order) 1366 nm pump. The second-order pump is used to am- 
plify the counterpropagating first-order pump and provide signal amplification closer 
to the front section of the fiber. This architecture has a significant advantage com- 
pared to an equivalent, bidirectionally pumped span that uses only first-order pumps: 
although the second-order pump (1366 nm) copropagates with the signal, it does not 
induce any of the impairments expected in forward amplified transmission spans. 
The evolution of the backward traveling first-order pump can be tailored precisely by 
controlling the power of the second-order pump. In turn, this feature allows for almost 
uniform span transparency to be achieved at the signal wavelength. A combined 1 W 
of Raman pumping (800 mW and 200 mW at 1366 nm and 1550 nm, respectively) 
was required to achieve transparency in an 80 km NZDSF transmission span [29]. 
Second-order bidirectional pumping architecture exhibited a 1 dB improvement in 
performance relative to the comparable first-order backward pumped configuration. 

A bidirectional pumping scheme that combines forward propagating second-order 
and backward propagating first-order waves requires two pump sources and is limited 
by noise transfer from the second-order pump to the signal. In addition, the power of 
the second-order pump is many times higher than that of the first-order pump, making 
the scheme impractical for long transmission spans. The scheme can be improved by 
counterpropagating both first- and second-order pumps using multiple-wavelength 
pump sources. The recent transmission experiment [32], shown in Fig. 9.26, has 
demonstrated combined first- and second-order amplification using a single pump 
device [33]. A Yb fiber laser at 1100 nm was used for cascaded generation at 1365 
and 1455 nm, providing a stable, depolarized optical power of approximately 1 W. 
Three first-order Raman pumps are used to contrast the performance of the proposed 
second-order device. Figure 9.27 illustrates the measured and simulated amplification 
in 80 km of SMF using both pumping schemes. A three-wavelength device with a 
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Fig. 9.26. Dual-order transmission setup. 
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Fig. 9.27. (a) Comparison of NF for first-order (open squares) and dual-order (dots) Raman 
pumping. Solid lines indicated simulation results; (b) improvement in NF and gain ripple 
function for second-order pumping scheme. 



total power of 580 mW was used in first-order pumping to reach span transparency 
(on-off gain of 16 dB). The combined first- and second-order pumping was 970 mW. 
An equivalent noise figure was calculated and measured to be 1.5 dB lower in the 
latter case. Measured gain ripple and noise generation were found to depend strongly 
on rational power distribution between 1365 and 1455 nm pumps. Unidirectional 
signal traffic was propagated under both amplification conditions in order to measure 
transmission performance. Sixteen optical channels were modulated at 10 Gb/s and 
transmitted over 80 km of SMF. The BERs for 1550 and 1557 nm channels are plotted 
in Fig. 9.28, illustrating a consistent 1 dB margin that dual-order pumping has over 
first-order amplification. 
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Fig. 9.28. BER measurements for selected (1550 and 1557 nm) channels. 

9.4.2. Third-Order Raman Pumping 

An additional improvement in transmission performance can be achieved by the 
introduction of third-order Raman pumping [34]. First- and second-order Raman 
pumping can be used to control the signal evolution over relatively short spans, 
because distant first- and second-order gain regions require excessive pump powers. 
Third-order pumping can be used to extend the distance over which both signal 
and final (third-order) pump power remains unchanged, as illustrated in Fig. 9.29. 
Although 1276 and 1356 nm pumps are rapidly depleted (within the first 10 and 30 km 
of the span, respectively), the final pump cascade (1455 nm) evolves gradually over 
the entire 1 20 km span length. As a consequence, signal power evolution is maintained 
within a remarkably equalized envelope not exceeding 10 dB within the entire length 
of the transmission fiber. The receiver performance is improved markedly, because 
the third-order pumping results in a noise level decrease of almost 3 dB relative to 
the first-order pumping, as illustrated in Fig. 9.30. 
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Fig. 9.29. Power evolution with cascaded third-order Raman pumping. Source: S.B. Papernyi, 
V.I. Karpov and W.R.L. Clements “Third Order Cascaded Raman Amplification” Optical Fiber 
Conference Proceedings, pg FB4-1 (©2002 OS A) 
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Fig. 9.30. Comparison of received noise power in the case of first-, second-, and third-order 
Raman pumping. Source: S.B. Papernyi, V.I. Karpov and W.R.L. Clements “Third Order Cas- 
caded Raman Amplification” Optical Fiber Conference Proceedings, pg FB4-1 (©2002 OS A) 
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Fig. 9.31. Gain ripple measured in 100 km of NZDSF for different pumping schemes. Source: 
S.B. Papernyi, V.I. Karpov and W.R.L. Clements "Third Order Cascaded Raman Amplification” 
Optical Fiber Conference Proceedings, pg FB4-1 (©2002 OS A) 



In a transmission experiment over 1 00 km of SMF, third-order pumping with 1 27 6, 
1356, and 1455 nm wavelengths was compared with first-order pumping scheme. In a 
2.5 Gb/s link, third-order pumping exhibited a consistent 2.5 dB of receiver sensitivity 
improvement. The multiwavelength nature of the third-order pumping can be used to 
achieve gain flatness not attainable by a conventional (first- or second-order) Raman 
pumping. Figure 9.31 illustrates better than 1.5 dB flatness achieved with a NZDSF 
link, over the entire C-band. In contrast, a comparable dual-wavelength first-order 
pumping over the identical span was limited to more than 3 dB of gain ripple. 
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